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Magnocelulární neurosekreční buňky hypotalamu vysílají své axony do neurohypofýzy, 
kde do krevního řečiště uvolňují hormony oxytocin a vazopresin. Oxytocin se uplatňuje 
zejména při porodu a je nezbytný pro stimulaci sekrece mléka během laktace. Základní 
fyziologickou funkcí vazopresinu je řízení re-absorpce vody v ledvinách, čímž se podílí 
na regulaci tělesné rovnováhy tekutin. K sekreci hormonů dochází zejména z terminálů 
neuronů v hypofýze, nicméně hormony jsou secernovány i z dendritů v supraoptickém 
jádru, kde difundují a ovlivňují okolní buňky skrze autokrinní efekt. Mechanismy řídící 
sekreci oxytocinu a vazopresinu byly intenzivně studovány během posledních dekád a 
předpokládá se, že zásadní, v porozumění fyziologie sekrece, je vztah mezi Ca2+ 
signalizací, sekrecí z dendritů a elektrickou aktivitou magnocelulárních neuronů. 
V této práci kombinujeme matematickou analýzu s experimentálním měřením 
Ca2+ signálů izolovaných neuronů ze supraoptického jádra. K jejich identifikaci 
využíváme transgenní potkany exprimující vazopresin nebo oxytocin značený 
fluorescenčním proteinem. Studujeme změny Ca2+ homeostázy během těhotenství, 
laktace a dehydratace. Dále se zaměřujeme na spontánní a indukované Ca2+ signály a na 
to, jak autoregulační mechanismus vazopresinu může ovlivňovat sekreci hormonu.  
 Tato práce přináší detailní analýzu spontánních Ca2+ oscilací a depolarizací 
indukovaných Ca2+ odpovědí v izolovaných magnocelulárních neuronech. Ukazujeme, 
jak jsou tyto oscilace ovlivněny fyziologickým statusem organismu (dehydratace, 
laktace) a vystavením extracelulárním stimulům (osmotická změna, vazopresin). 
Zaměřujeme se dále na mechanismy nutné ke vzniku [Ca2+]i oscilací a ukazujeme, že pro 
jejich existenci nejsou nutné akční potenciály, ale že jsou výsledkem vnitrobuněčné 
aktivity koordinující Ca2+ kanály a Na/Ca2+ výměník. Nad rámec toho prokazujeme, že 
vazopresin reguluje Ca2+ oscilace prostřednictvím autokrinní signalizace podobně, jako 
tomu bylo prokázánu u elektrické aktivity. U Ca2+ signálů vyvolaných depolarizací 
membrány detailně popisujeme, jak jsou odpovědi modulovány stavem naplnění 
vnitrobuněčných Ca2+ zásobníků. Celkově tato práce pokrývá mechanismy Ca2+ 
signalizace magnocelulárních buněk, které doposud nebyly dostatečně prostudovány, a 





The magnocellular neurosecretory cells (MNCs) of the hypothalamus project axons from 
the supraoptic nucleus to the posterior pituitary gland, where they secrete either oxytocin 
or vasopressin into the circulation. Oxytocin is important for delivery at birth and is 
essential for milk ejection during suckling. Vasopressin primarily promotes water 
reabsorption in the kidney to maintain body fluid balance. 
The profile of oxytocin and vasopressin secretion is principally determined by the 
pattern of action potentials initiated at the cell bodies in the hypothalamus. MNCs 
principally secrete hormones from terminals in the pituitary, but the secretion also occurs 
from their dendrites in the supraoptic nucleus, where they diffuse and affect the 
neighbouring cells. Mechanisms controlling the oxytocin and vasopressin secretion from 
MNCs have been extensively studied over the last decades and it is assumed that the 
relationship between Ca2+ signalling, secretion from dendrites, and the firing patterns is 
essential in understanding the magnocellular neurosecretory system.  
In this project, we combine mathematical analysis and experimental 
measurements of Ca2+ activity of MNCs of transgenic rats expressing an arginine 
vasopressin-enhanced green fluorescent protein (AVP-eGFP) or oxytocin-monomeric 
red fluorescent protein (OT-mRFP1). We report a detailed analysis of the spontaneous 
[Ca2+]i oscillations and depolarization-induced [Ca
2+]i elevations in MNCs in isolated 
conditions. We show how these oscillations are affected by the physiological state of the 
animal (dehydration, lactation) and by exposure to extracellular stimuli (osmotic change, 
exposure to vasopressin). In terms of mechanisms underlying the oscillations, we show 
that they do not require action potentials but are rather mediated by intrinsic mechanisms 
driven by the action of Ca2+ channels and the membrane Na+/Ca2+ exchanger. 
Furthermore, we prove that vasopressin has autoregulatory feedback on oscillating 
neurones similar to the autocrine signalling described for electrical activity. For 
depolarization-induced [Ca2+]i elevation, we show, in detail, how the [Ca
2+]i responses 
are modulated by the filling state of the intracellular Ca2+ stores. Taken together, this 
study covers important Ca2+ signalling mechanisms in MNCs that have not yet been 
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1 Introduction  
1.1 Physiological role of oxytocin and vasopressin in the 
organism 
Vasopressin (AVP), the antidiuretic hormone, and oxytocin (OT) are neurohypophysial 
peptides synthesized by populations of magnocellular neurosecretory cells (MNCs) in 
the mammalian hypothalamus and are secreted into the systemic circulation from the 
posterior pituitary gland (Bourque and Oliet 1997). The peptides released into the 
bloodstream have effects on distant organs, such as the kidney, vascular smooth muscle, 
mammary gland and uterus but act also centrally in the hypothalamus (Armstrong, Wang 
et al. 2010). Oxytocin is primarily known for its role in milk ejection during lactation and 
as a humoral trigger for uterine contractions at birth (Brown, Bains et al. 2013). 
Vasopressin principally acts in the kidney to promote water reabsorption and on the 
vasculature to increase blood pressure via vasoconstriction (Armstrong and Johnson 
2018). Together with other physiological mechanisms, vasopressin helps to maintain 
plasma osmolality at normal level near 300 mOsmol/kg. Even fluctuations of 3 
mOsmol/kg away from the normal level lead to changes in salt and water retention in 
order to restore the normal osmolality (Prager-Khoutorsky and Bourque 2010). Under 
basal conditions, vasopressin concentration in the circulation is at approximately 1–3 
pg/ml and causes reabsorption of approximately 30 l of water from the urine each day in 
humans, however, it can reach up to 100 pg/ml in response to extreme acute osmotic 
stimuli (Verbalis, Baldwin et al. 1986, Forsling, Montgomery et al. 1998, Brown, Bains 
et al. 2013). Apart from the well-known peripheral functions of AVP and OT, these 
neuropeptides also regulate differentiation and proliferation of stem cells (Tran, Yao et 
al. 2015, Forostyak, Forostyak et al. 2016) and have an important role in social behaviour 




1.2 Magnocellular neurosecretory system 
1.2.1 Anatomy and localization 
The magnocellular neurosecretory system is formed from vasopressinergic and 
oxytocinergic cells that are mainly located in two hypothalamic regions: the supraoptic 
(SON) and the paraventricular (PVN) nuclei (Armstrong 1995) (figure 1.1). This is where 
the majority of the cells is located; only a small subpopulation of magnocellular neurones 
can be found outside the nuclei (figure 1.2). 
 
Figure 1.1: Illustration of a coronal section of the rat hypothalamus. Arrows indicate the 
MNCs in the SON and neurones in the suprachiasmatic nucleus (SCN) located above the 
optic chiasm (OX). Scale bar: 2 mm. The figure was copied from (Mutsuga, Shahar et al. 
2004). 
Altogether, the magnocellular nuclei may contain about 100 000 neurones in the human 
(Manaye, Lei et al. 2005) and approximately 10 000 in the rat (Rhodes, Morrell et al. 
1981). The MNCs in the SON have typically one to three dendrites, and most of them 
course to the ventral glial lamina, from where they receive an afferent input (Stern and 
Armstrong 1998, Brown, Bains et al. 2013). A coronal section of MNCs in figure 1.2 
shows immunologically identified AVP and OT cells in the SON and PVN. From the 
SON, the cells project their axons to the neurohypophysis, where the neuropeptides AVP 
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and OT are secreted in response to physiological stimulation (Hatton 1990). The MNCs 
in the PVN also contain cells that project to other brain regions, including central 
amygdala and other forebrain areas (Knobloch, Charlet et al. 2012, Brown, Bains et al. 
2013). Both AVP and OT are synthesized in the SON and PVN cell bodies and are 
transported to the terminals by axonal transport. The terminals store vasopressin and 
oxytocin in dense-core vesicles prepared to be released directly into the blood system 
(Armstrong, Wang et al. 2010, Brown, Bains et al. 2013). Even though all the 
magnocellular cells are localized in the same nuclei, the production of the peptides is 
known to be specific for the magnocellular subtypes, and AVP and OT cells essentially 
synthesize either vasopressin or oxytocin (Armstrong 1995, Brown, Bains et al. 2013). 
 
Figure 1.2: Detail of immunostained coronal section of the rat hypothalamus. 
Vasopressin cells are stained with fluorescent green, and oxytocin cells are stained with 
fluorescent red. The MNC cell bodies are principally located in the supraoptic nucleus 
(SON) and in the paraventricular nucleus (PVN). 3V stands for the third cerebral 
ventricle, OC for the optic chiasm. The figure was copied from (Brown, Bains et al. 
2013). 
1.2.2 Vasopressin and oxytocin secretion from MNCs 
The schematic diagram in figure 1.3 illustrates the magnocellular neurosecretory system; 
the neuropeptides OT and AVP are transported by their axons from the SON to the 
neurohypophysis, where they are secreted directly into the blood from the axonal 
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terminals. The secretion of AVP and OT from the terminals occurs by exocytosis of 
dense-core vesicles in response to action potentials triggered in cell bodies in the SON 
or PVN and propagated down to the terminals in the posterior pituitary (Armstrong 
2007). The MNC terminals themselves are not capable of sustaining intrinsic repetitive 
firing of action potentials, and so the secretion is principally determined by the action 
potentials initiated at the cell bodies in the SON or PVN (Cazalis, Dayanithi et al. 1985, 
Brown, Bains et al. 2013). The intensity of secretion largely depends not only on the 
frequency of action potential discharge but also on the firing pattern of neuronal activity, 
which can have irregular, phasic or tonic firing form (Cazalis, Dayanithi et al. 1985, 
MacGregor and Leng 2012) (see section 1.2.3 for details). Very importantly, the secretion 
occurs strictly via Ca2+- regulated exocytosis (Komori, Tanaka et al. 2010) when a 
depolarization of axonal terminals causes the opening of voltage-gated Ca2+ channels 
(VGCCs), which in turn produces elevation of [Ca2+]i and triggers the exocytotic process 
(Bourque, Kirkpatrick et al. 1998, Komori, Tanaka et al. 2010). 
 
Figure 1.3: A schematic diagram of the magnocellular secretory system. The figure was 
adapted from (Fisher and Bourque 1996). 
Secretion from the neurohypophysis into the blood circulation mediates the 
peripheral function of the peptides, however, the OT and AVP are also secreted within 
the SON from dendrites (Richard, Moos et al. 1997, Ludwig, Sabatier et al. 2002), where 
they function as autocrine or paracrine signals (Moos, Gouzenes et al. 1998, Ludwig, 
Sabatier et al. 2002). The somato-dendritic release of OT or AVP initiates signals that 
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are propagated via the activation of specific AVP and OT receptors expressed on the 
surface of the MNCs (Sabatier, Richard et al. 1998, Gouzenes, Sabatier et al. 1999, 
Sabatier, Shibuya et al. 2004). The activated AVP and OT receptors trigger an 
intracellular signalling pathway which causes an increase of cytosolic Ca2+ concentration 
(Dayanithi, Widmer et al. 1996). It is believed that in OT neurones, this increase in [Ca2+]i 
results mainly from Ca2+ release from intracellular stores (Lambert, Dayanithi et al. 
1994), whereas in AVP neurones, the [Ca2+]i rise reflects both the Ca
2+ influx through 
the voltage-gated Ca2+ channels and Ca2+ mobilization from the intracellular stores 
(Sabatier, Richard et al. 1997, Dayanithi, Sabatier et al. 2000). Participation of the 
somato-dendritic release as an autofeedback in the control of secretion as well as the 
determination of the intracellular signalling pathway is still a subject of discussion, and 
further investigation is needed (Dayanithi, Sabatier et al. 2000, MacGregor and Leng 
2012).  
1.2.3 Activity patterning 
Both the AVP and OT neurone subtypes exhibit specific intrinsic electrical activities that 
are crucial for the efficient release of AVP and OT at the neurohypophysis (Cazalis, 
Dayanithi et al. 1985). The AVP subtype of MNCs exhibits a wide range of electrical 
activity patterns; in response to usual stimuli, such as an osmolality change, the AVP 
neurones display a silent, continuous or slow/irregular firing pattern, and particularly 
when facing specific physiological challenges, such as dehydration or haemorrhage, 
some of the neurones display a distinct “phasic” firing activity pattern (Armstrong 1995, 
Bourque, Kirkpatrick et al. 1998, Brown, Bains et al. 2013). The phasic pattern has been 
mainly associated with “high activity secretion state” (Cazalis, Dayanithi et al. 1985), 
however, it has been shown that AVP neurones commonly exhibit the whole range of 
activity patterns even under basal conditions (Armstrong 1995, MacGregor and Leng 
2012). The activity patterns of AVP cells are illustrated in figure 1.5 (A–D). The phasic 
activity pattern, typical for AVP neurones (figure 1.5D), consists of bursts and interburst 
intervals each in the range of 20–40 seconds with essentially stochastic probability of 
burst termination or the next burst onset (Armstrong 1995). During the burst onset, 
neurones display clear frequency adaptation when, after achieving a maximum of about 
25 spikes per second, the firing slows down to approximately 5–10 spikes per second 
(Brown 2004, Brown and Bourque 2006, Brown, Bains et al. 2013). Besides the phasic 
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activity, a continuous or tonic pattern of firing can be adapted by the AVP neurones 
(figure 1.5C). The mechanisms of switching between different patterns in AVP neurones 
are not yet completely understood (Armstrong 1995), however, it is hypothesized that 
the continuous pattern may be a transitional one between phasic and irregular patterns 
(Brown, Bains et al. 2013). This is supported by the fact that even the tonic spiking tends 
to be occasionally clustered to facilitate hormone release (Cazalis, Dayanithi et al. 1985). 
AVP neurones, in contrast to OT neurones, do not synchronize their firing pattern, and 
despite being exposed to the same physiological conditions, they display a wide range of 
activity patterns across the cell population (Scott, Bishop et al. 2009). Some of the cells 
fire no spontaneous spikes (silent), some fire spikes irregularly, some fire continuously, 
and some fire in a repetitive phasic pattern of bursts. Demands to AVP release are 
mediated via an afferent input on the level of individual neurones, while their response 
must still be coordinated to ensure the proper level of secretion. Thus, the secretion 
activity output of the population is characterized as the proportion of neurones that adapt 
the phasic pattern rather than as a “switch” of the whole population from a low-activity 
irregular firing pattern to the high-activity phasic firing pattern. This population-based 
regulatory mechanism has been shown to be more robust and efficient in terms of a sober 
distribution of a limited amount of the hormone during needful moments (MacGregor 
and Leng 2012). Taken together, as illustrated in figure 1.4, the release of AVP is a result 
of the integrated output of the whole population of AVP neurones, which in the end 






Figure 1.4: Afferent input of the magnocellular neurosecretory system. Osmosensitive 
cells in the brain generate electrical signals and relay them as afferent input to the SON. 
The MNCs in the SON respond by producing and secreting the vasopressin hormone. 
Importantly, the population of MNCs in the SON not only transmits the incoming signals 
to directly release the hormone, they must also coordinate their action over the 
population to prevent over- or under-response and depletion of limited amounts of 
vasopressin (Bourque and Oliet 1997).  
Both OT and AVP neurones share similarities in their regulation mechanisms, but 
there are major differences between them. The firing rate of OT neurones under basal 
conditions is approximately 2–4 spikes/s, however, during parturition and suckling, the 
cells switch to high-frequency phasic firing that occurs every 5–10 min (Hatton and 
Wang 2008). In contrast to AVP neurones, the bursts in OT neurones are short, lasting 
only 1–2 s, but the action potential activity is more intense, often with firing rates of 50–
100 spikes/s (figure 1.5E). A remarkable feature of the bursting pattern specific for OT 
neurones is that they are coordinated across the population of oxytocin MNCs located in 
two distinct bilateral nuclei (Belin, Moos et al. 1984, Belin and Moos 1986, Brown, Bains 
et al. 2013). The coordination among MNCs is required for the increased pulsatile release 
of oxytocin from the MNCs to control the rhythmic contractions of the uterus during 
parturition and contractions of the milk ducts for milk ejection (Lincoln and Wakerley 
1975, Douglas, Scullion et al. 2001). Properties of the phasic firing pattern are described 




Figure 1.5: Firing patterns in 
magnocellular vasopressin (A–D) and 
oxytocin (E) cells in vivo. The spike rate 
records show individual examples of 
spontaneous activity (averaged in 1‐s 
bins). Under basal conditions, AVP cells 
exhibit a range of activity patterns from 
silence (A), through irregular activity (B), 
to continuous activity (C) and phasic 
activity (D). In (A), action potentials were 
evoked in a silent MNC by electrical 
stimulation of the posterior pituitary 
gland every 30 s (evoked spikes). The 
recording in (E) is from an oxytocin MNC 
in an anesthetized rat being suckled 
during lactation and shows the typical 
high-frequency bursts evident in oxytocin 
MNCs during parturition and suckling. 
The insets in (E) show the intermammary 
pressure increase for milk ejection that 
follows each burst of activity in the 
oxytocin cells. The figure was copied 




1.2.4 Phasic firing 
Phasic firing has been studied extensively in vivo and in vitro in last decades (Bicknell, 
Brown et al. 1982, Andrew and Dudek 1984, Shibuya, Kabashima et al. 1998, Roper 2005). 
Although the overall activity of MNC population is a result of the integration of many cells 
that display silent, irregular, phasic or continuous firing under basal conditions, it is 
generally accepted that the distinct phasic activity is the most efficient firing pattern for 
secretion of AVP and OT from the posterior pituitary gland (Cazalis, Dayanithi et al. 1985). 
High-frequency action potentials are efficient at releasing the hormone because of an 
enhanced Ca2+ influx at the terminal. However, with continued activation and repetitive 
firing, fatigue turns up, strongly attenuating the amount of the released hormone. To avoid 
the fatigue, both cell types developed a phasic bursting pattern consisting of short periods 
of robust firing, interrupted with periods of relative quiescence. The phasic pattern 
maximizes hormone release, avoids release fatigue and allows recovery for the next batch 
of activity (Cazalis, Dayanithi et al. 1985, Roper, Callaway et al. 2004).  
Oxytocin neurones display phasic activity in the form of short intense bursts of 
spikes during the birth and milk-ejection reflex (Viero, Shibuya et al. 2010). They fire 
typically at just a few spikes/s, and in response to the suckling stimulus, they suddenly 
discharge approximately 100 spikes in 2–3 s. The maximum discharge rate reaches up to 
100 spikes/s within approximately 100 ms of the burst onset (Rossoni, Feng et al. 2008, 
Maicas Royo, Brown et al. 2016). As pregnancy and lactation are exceptional events, the 
OT neurones must undergo considerable changes in their morphological and physiological 
properties to produce such a dramatic change in their responsivity (Hatton 1990, 
Armstrong, Stern et al. 2002, Teruyama and Armstrong 2005). Studies using patch-clamp 
recording have demonstrated that the phasic pattern in both OT and AVP results from the 
activation and orchestration of several types of intrinsic afterpotential currents (Roper, 
Callaway et al. 2003). Changes in the intrinsic properties, specific to OT neurones during 
pregnancy, include an increase in the amplitude of the Ca2+-dependent hyperpolarizing 
afterpotential (HAP) and a higher expression of the Ca2+-dependent depolarizing 
afterpotential (DAP) (Armstrong, Stern et al. 2002, Teruyama and Armstrong 2005). The 
HAP itself is likely responsible for the “shape” of the milk-ejection burst and the manner 
in which it slows down after the peak of excitation (Roper, Callaway et al. 2003, 
Armstrong, Wang et al. 2010). These changes, which occur during late pregnancy, indicate 
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that OT neurones transform their intrinsic properties to be prepared for the increased 
activity demands during birth and lactation (Armstrong, Stern et al. 2002). 
Contrary to the OT neurones, which display phasic activity only during pregnancy-
related physiological conditions, AVP neurones are able to adapt the phasic pattern in acute 
response to hormone release demands (Verbalis, Baldwin et al. 1986). The pattern of phasic 
bursting in AVP cells is markedly different from the short bursts seen in the OT cells and 
is composed of bursts that last for tens of seconds to 1 min or more and that are separated 
by silences of a similar duration (Roper, Callaway et al. 2004). A typical record of phasic 
firing in AVP cells is shown in figure 1.5D. It has already been established that phasic 
activity results from an intrinsic mechanism supported by a continuous excitatory synaptic 
input. The combination of the intrinsic mechanism and the synaptic input has been shown 
to be essential for introducing and maintaining the phasic discharge in vasopressin MNCs 
in vivo (Brown, Bull et al. 2004, Armstrong, Wang et al. 2010). The intrinsic mechanism 
that generates the phasic activity in AVP neurones results from a complex set of 
afterpotentials (Roper, Callaway et al. 2003). Each afterpotential has a different amplitude 
and time course, which allows them to dominate the membrane potential at different times 
following each action potential. This is the key feature that enables the afterpotentials to 
summate over different timescales and to impact activity at different times over the course 
of bursts (Brown, Bains et al. 2013). Two different kinds of afterpotentials that follow each 
spike are involved in the burst: depolarizing afterpotential (DAP) and hyperpolarizing 
afterpotential (HAP). The HAP (figure 1.6A) follows each action potential and is induced 
by the activation of Ca2+-dependent K+ channels (Greffrath, Martin et al. 1998, Greffrath, 
Magerl et al. 2004). The DAPs are kinetically complex, slow (1–2 s) current afterpotentials 
(Roper, Callaway et al. 2003). The DAP is produced by spikes close in succession which 
in turn produce summation of the DAPs and generate a plateau potential that drives the 
burst duration (figure 1.6C). This feature of the time-dependent current summation is 
considered to be essential for producing phasic activity in AVP neurones (Andrew and 
Dudek 1983, Andrew and Dudek 1984, Armstrong, Wang et al. 2010). Importantly, in 
relation to Ca2+, it has been shown that a special DAP subtype, the slow DAP (sDAP), also 
results from a voltage- and Ca2+-dependent current (Li and Hatton 1997, Brown, Bains et 
al. 2013). Another long-lasting hyperpolarizing potential existing in the AVP cells is not 
activated by a single spike but requires a train of spikes to be fully developed. Such current 
(usually called after-hyperpolarizing potential, AHP) is responsible mainly for spike 
14 
  
frequency adaptation and for keeping cells silent during interburst periods (Roper, 
Callaway et al. 2004). A record of a typical AHP current developed after a train of spikes 
is shown in figure 1.6B. AHPs in AVP neurones are at least three: a large-amplitude fast 
after-hyperpolarization (fAHP) that lasts < 10 ms, a small-amplitude medium AHP 
(mAHP) that lasts several hundred ms and a very small-amplitude slow AHP (sAHP) that 
lasts several seconds (Kirkpatrick and Bourque 1996, Greffrath, Martin et al. 1998, 
Ghamari-Langroudi and Bourque 2004, Greffrath, Magerl et al. 2004, Brown, Bains et al. 
2013).  
 
Figure 1.6: Spike afterpotentials in MNCs: (A) The hyperpolarizing afterpotential (HAP) 
follows each spike and lasts for 25–125 ms. (B) An after-hyperpolarizing potential (AHP) 
follows each spike train. It decays exponentially with τ ∼ 500 ms and has a maximum 
amplitude of ∼12.5 mV. (C) The depolarizing afterpotential (DAP) can last for several 
seconds and a single DAP can depolarize the cell by ∼3 mV. The traces are taken from 
whole-cell (A, B) and sharp electrode (C) recordings in the slice and explant respectively. 
The figure was copied from (Roper, Callaway et al. 2003). 
The medium-duration AHP (mAHP) (100–200 ms) is also Ca2+-dependent and 
sensitive to apamin (Bourque and Brown 1987, Armstrong, Wang et al. 2010). The Ca2+-
dependency of the mAHP is specifically important in spike frequency adaptation in AVP 
neurones: summation of the mAHPs modulates the plateau potential and induces the 
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frequency adaptation over the first approximately 5–20 s of bursts (figure 1.5D). Blocking 
the mAHP with apamin suppresses spike frequency adaption at burst onset and also 
produces noticeable increases in interburst firing rates (Armstrong, Smith et al. 1994, 
Kirkpatrick and Bourque 1996, Armstrong, Wang et al. 2010). The Ca2+-dependency and 
temporal overlapping of DAPs with HAPs and AHPs are together the crucial mechanisms 
needed to shape the phasic bursting in AVP cells (Roper, Callaway et al. 2003, Brown 
2004, Armstrong, Wang et al. 2010). 
In summary, the phasic activity pattern in MNCs has been intensively studied in the 
last two decades, and major underlying mechanisms have been proposed (Moos, Gouzenes 
et al. 1998, Roper, Callaway et al. 2003, Armstrong, Wang et al. 2010). Nevertheless, the 
mechanisms of burst termination and activity synchronization across the cell population 
have not yet been completely understood, although a role of somato-dendritic autocrine 
feedback has been proposed (Roper, Callaway et al. 2004, MacGregor and Leng 2012).  
1.3 Calcium signalling 
1.3.1 Intracellular Ca2+ signalling 
Ca2+ is one of the most universal carriers of biological signals, controlling numerous 
cellular functions, including vesicular secretion, membrane excitability, muscle 
contraction, synaptic plasticity, gene transcription, programmed death, etc. (Berridge 
1998). The most versatile aspect of Ca2+, used for intracellular signalling, is a very wide 
time scale range, permitting to control multiple cellular processes. Cells can control 
exocytosis at synaptic endings within microseconds and muscle contraction in 
milliseconds, while at the other end of the scale, Ca2+ can operate over minutes to hours to 
control processes such as cell proliferation (Berridge 2012) or hormone secretion, as is the 
case in magnocellular neurones (Brethes, Dayanithi et al. 1987). Most cells need to 
maintain low resting concentration of Ca2+ in cytosol for a normal functioning of the Ca2+ 
signalling pathways. To achieve that, the cells are equipped with a kit of Ca2+ clearance 
mechanisms, which bring [Ca2+]i to a resting level after elevation. These Ca
2+ clearance 
mechanisms include Ca2+ pumps operating in both the plasmalemmal and the endoplasmic 
reticulum membrane, the plasmalemmal Na+/Ca2+ exchanger and possibly the 
mitochondrial Ca2+ uptake (Berridge 2005, Komori, Tanaka et al. 2010). The main 
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mechanisms involved in maintaining the resting [Ca2+]i level are illustrated in figure 1.1 
Intracellular Ca2+ elevations are usually driven by Ca2+ influx from the extracellular space 
and Ca2+ release from intracellular stores that in turn generates Ca2+ intracellular signals 
(Bootman, Lipp et al. 2001).. The endoplasmic reticulum (ER), a prominent intracellular 
Ca2+ store, plays a major role in fast physiological signalling due to its ability to act as a 
rapid Ca2+ source. The concentration of Ca2+ stored in the ER ([Ca2+]ER) can easily achieve 
levels of 1000 times greater than those in the cytosol (Burdakov, Petersen et al. 2005). 
 
Figure 1.7: A diagram of major fluxes involved in the control of cytoplasmic Ca2+ 
concentration. Entry from the outside (Jin) is controlled by a variety of mechanism, mainly 
by VGCCs. Inside the cell, Ca2+ can be released from the endoplasmic reticulum (ER) 
through the IPR (Jer(IPR)) or RyR (Jer(RyR)), can be pumped from the cytoplasm into the ER 
(Jserca) or outside (Jout), can be taken up into (Juni) or released from (Jmito) the mitochondria 
and can be bound to (Jon) or released from (Joff ) Ca
2+ buffers. The binding of an agonist to 
a cell membrane receptor (R) leads to the activation of a G-protein (G) and subsequent 
activation of phospholipase C (PLC). This activates an inositol trisphosphate (InsP3) 
pathway. When InsP3, which is free to diffuse through the cell cytoplasm, binds to an InsP3 
receptor (IPR) on the ER membrane, it causes the release of Ca2+ from the ER, and this 
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Ca2+ in turn modulates the open probability of the IPR and ryanodine receptors (RyR). The 
figure was adapted from (Keener and Sneyd 2009). 
1.3.2 Voltage-gated Ca2+ channels 
Voltage-gated Ca2+ channels (VGCCs) constitute the major Ca2+ entry pathway in excitable 
cells. VGCCs are heteromultimers composed of a pore-forming α1 subunit, β regulatory 
subunit and α2, γ and δ subunits (Catterall 2000). The channel structure contains S4 
transmembrane segment of positively charged amino acids that are voltage-sensitive and 
are responsible for channel opening (Gueguinou, Chantome et al. 2014). Depending on 
electrophysiological and pharmacological criteria, the VGCCs have been classified into 
two major groups: high voltage-activated channels (HVA), which include L-, N-, P/Q- and 
R-type channels, and low voltage-activated channels (LVA), represented by T-type 
channels (Catterall 2011). VGCCs are further divided into three classes by their α1 
subunits: Cav1, Cav2, Cav3.  
The first class of VGCCs is L-type channels (Cav1) produce long-lasting Ca
2+ 
currents and are generally considered to be HVA. They are pharmacologically identified 
by a strong sensitivity to the dihydropyridine class of drugs, which includes the nifedipine 
or nicardipine antagonists (Piedras-Rentería, Barrett et al. 2007). L-type Ca2+ channels are 
mainly responsible for calcium currents recorded in muscle and endocrine cells, where they 
initiate contraction and secretion, and require a strong depolarization for activation 
(Piedras-Rentería, Barrett et al. 2007).  
The second class of VGCCs is Cav2 and includes P/Q-, N- and R-type Ca
2+ 
channels. They are most prominent in neurones, and like the L-type Ca2+ channels, the Cav2 
class belongs to HVA group. The N-type VGCCs are distinguished from the rest of the 
HVA channels by their intermediate voltage-dependency and faster inactivation when 
compared with the L-type (Catterall 2011). They are sensitive to the ω-conotoxin GVIA 
peptide (Tsien, Lipscombe et al. 1988). The P/Q-type channels are distinguished by their 
sensitivity to ω-agatoxin IVA with different affinities for the P- and Q-type respectively 
(Mintz, Adams et al. 1992, Catterall 2011). The last type of the Cav2 class, the R-type Ca
2+ 
channel, is resistant to most specific organic and peptide channel blockers. In some cell 
types, they can be blocked by the SNX-482 peptide, a toxin isolated from tarantula venom 
(Newcomb, Szoke et al. 1998, Catterall 2011). 
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The third class of VGCCs is Cav3, represented by the LVA T-type channels. T-type 
channels activate at a very low voltage of about -70 mV, and their voltage-dependent 
inactivation is faster compared with other classes (Piedras-Rentería, Barrett et al. 2007). 











Dihydropyridine class  
(nifedipine, nicardipine) 
Excitation-contraction 
coupling, endocrine secretion, 
cardiac pacemaking 
N Cav2.1 ω-conotoxin GVIA Neurotransmitter release, 
dendritic Ca2+ transients 
P/Q Cav2.2 ω-agatoxin IVA Neurotransmitter release, 
dendritic Ca2+ transients 
R Cav2.3 SNX-482 Neurotransmitter release, 




-No selective blocker for 
Cav3.1 and Cav3.3,  
-nickel and TTA-P2 with 
limited sensitivity for 
Cav3.2. 
Pacemaking, repetitive firing 
Table 1.1: Voltage-gated-Ca2+-channel classification summary (Catterall 2011) 
Multiple types of VGCCs are involved in the regulation of MNCs. Electrophysiological 
studies have found in the MNCs the expression of L-, N-, P/Q- and R-type Ca2+ currents, 
whereas the existence of the low voltage-activated T-type Ca2+ current is still unclear 
(Fisher and Bourque 1996, Foehring and Armstrong 1996, Dayanithi, Forostyak et al. 
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2012). In the nerve terminals of the neurohypophysis, the roles of L-, N- and P/Q-types in 
neuropeptide release have been identified (Wang, Dayanithi et al. 1997). The L- and N-
type currents play equivalent roles in both vasopressin and oxytocin release from terminals, 
whereas the P/Q-type Ca2+ current is more prominent in the regulation of vasopressin 
(Wang, Dayanithi et al. 1999). 
 
1.3.3 Calcium oscillations 
Oscillations and waves of increased intracellular free calcium concentration ([Ca2+]i) are 
observed in a wide range of cell types, and although it is known that Ca2+ controls many 
cellular processes, the exact significance of Ca2+ oscillations is not completely understood 
(Thul, Bellamy et al. 2008). It is widely believed that the oscillations are frequency-
encoded signals that allow a cell to use Ca2+ as a second messenger while avoiding the toxic 
effects of prolonged [Ca2+]i elevation (Keener and Sneyd 2009, Parkash and Asotra 2012). 
However, there are still relatively few examples where the signal carried by a Ca2+ 
oscillation has been clearly decoded (Keener and Sneyd 2009). In the spatial domain, the 
spreading of a Ca2+ oscillation as a Ca2+ wave provides a mechanism by which the 
regulatory signal can be distributed throughout the cell. The extension of Ca2+ waves to 
adjacent cells by intercellular communication provides a mechanism by which multicellular 
systems can coordinate their function and responses to stimuli (Sneyd, Keizer et al. 1995). 
In general, two types of [Ca2+]i oscillations can be recognized, depending on the main 
source of Ca2+, which can come either from intracellular stores, such as the endoplasmic 
reticulum (ER), or from the extracellular space via plasmalemmal Ca2+ entry (Sneyd, 
Keizer et al. 1995). The ER-driven [Ca2+]i oscillations result from the periodic release of 
Ca2+ usually mediated by the inositol 1,4,5-trisphosphate (InsP3) receptor or the ryanodine 
receptor/Ca2+ release channel, whereas the extracellular Ca2+-driven oscillations require 
Ca2+ entry through plasmalemmal channels or exchangers (Sneyd, Keizer et al. 1995). The 
overall processes that may contribute to internal Ca2+ signalling are shown schematically 
in figure 1.7. These include the influx of Ca2+ ions into the cell (Jin) through ion channels 
or by cotransporters and the transport of Ca2+ ions out of the cell (Jout) by Ca
2+ pumps in 
the cell membrane. Other sources of cytosolic Ca2+ are internal Ca2+ stores, such as the 
endoplasmic reticulum (ER) and the mitochondria. The Ca2+ handling properties of the ER 
and of the other internal compartments vary in different regions of the cell, but details are 
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not known. Therefore, it is often necessary to simplify the Ca2+ handling properties of the 
internal stores, which is achieved by considering only a single ER-like compartment 
occupying a proportional part of the cell volume (Sneyd, Keizer et al. 1995). The filling of 
the ER with Ca2+ and the release of Ca2+ from the ER are in figure 1.7 represented by the 
Jserca and Jer fluxes. In addition to these fluxes, the buffering of free Ca
2+ by cytoplasmic 
macromolecules, indicated in figure 1.7 as Jon/Joff, is another important component in the 
regulation of Ca2+ concentrations.  
Several previous studies have periodically observed that some isolated AVP and OT 
neurones displayed spontaneous [Ca2+]i oscillations under normal experimental conditions 
in vitro (Lambert, Dayanithi et al. 1994, Dayanithi, Widmer et al. 1996, Gouzenes, Sabatier 
et al. 1999, Dayanithi, Sabatier et al. 2000, Dayanithi, Forostyak et al. 2012). However, 
neither the identity nor the characteristics of these oscillatory neurones, nor the 
physiological properties of these [Ca2+]i oscillations were clearly established. Studying the 
basic functional properties of spontaneous [Ca2+]i oscillations and their physiological 
importance in MNCs is one of the major aims of this work.  
1.4 Calcium imaging 
Our understanding of the mechanisms of Ca2+ signalling and its ubiquitous role in cellular 
processes has rapidly grown in past decades. This growth has only been possible with the 
introduction of calcium imaging techniques and development of calcium-specific 
fluorescent dyes together with digital imaging microscopy (Knot, Laher et al. 2005). These 
recent techniques have allowed for the complex spatial and temporal dynamics of 
intracellular changes in [Ca2+] to be fully appreciated (Sneyd, Keizer et al. 1995). The most 
commonly used Ca2+ indicator is Fura-2, which belongs to the group of ratiometric 
indicators and was designed and described by Grynkiewicz (Grynkiewicz, Poenie et al. 
1985). Other widely used Ca2+ indicators are Indo-1, Quin2, Calcium Green and many 
others, each specifically designed for particular applications (Grynkiewicz, Poenie et al. 
1985, Lambert 2005). These indicators differ mainly by their affinity to Ca2+, 
predetermining their use in a given range of measured Ca2+ concentrations. The Fura-2 dye, 
used in this work, is a dual excitation Ca2+ indicator with a broad excitation spectrum in a 
low Ca2+ concentration between 300 nm and 400 nm (figure 1.8). The excitation peak is 
21 
  
directly dependent on the Ca2+ concentration: in low Ca2+ concentration, the peak is 
approximately at 370 nm; but with higher Ca2+ concentration, the excitation peak rises in 
intensity and shifts more into short wavelengths of the UV spectrum. The emission of the 
dye has its peak approximately at 510 nm, far from the excitation wavelength range 
allowing an efficient separation by optical low pass filters. Consequently, when the dye is 
excited by UV light at 340 nm (f340) and its emission is measured at 510 nm, Ca
2+ binding 
will produce an increase in measured fluorescence intensity. Contrary Ca2+ binding will be 
observed as a decrease in fluorescent signal when the fluorescence is measured at 510 nm 
(the same value), but the dye is excited at 380 nm (f380). Finally, when the dye is repetitively 
excited at 340 and 380 nm in quick succession, a ratio of the respective emission signals 
can be used to measure the cytoplasmic Ca2+ concentration (Grynkiewicz, Poenie et al. 
1985, Lambert 2005). The ratiometric approach is generally independent of dye 
concentration (in the working range of the dye), which gives it an advantage over single-
wavelength indicators (Lambert 2005).  
Ca2+ indicators are usually charged molecules that cannot easily penetrate the cell 
membrane. Therefore, they can be either loaded into the cell directly by a sharp electrode 
(Grienberger and Konnerth 2012), or alternatively, they can be introduced into the cell in 
an esterified form of the indicator (Grynkiewicz, Poenie et al. 1985). An advantage is that 
the esterified form of the dye can easily diffuse into the cell, where intracellular esterases 
remove the ester group and leave the charged indicator trapped inside the cell (Lambert 
2005). For more advanced Ca2+ imaging, it is also possible to introduce the indicator into 
intracellular compartments to monitor [Ca2+] at subcellular localization. It can provide 
useful information about Ca2+ processes in specific organelles, such as the ER or 
mitochondria. Nevertheless, an information about cytoplasmatic concentration of the cell 
is lost, because introducing dyes into inner compartments usually requires permeabilization 




Figure 1.8: Excitation spectra of the Ca2+-sensitive dye Fura-2 AM. The figure was copied 
from (Grynkiewicz, Poenie et al. 1985). 
The signals of Ca2+-sensitive fluorescent indicators must be processed with 
advanced imaging instrumentation. This includes technologically different approaches, like 
video imaging, high-speed confocal microscopy or two-photon microscopy. The 
exceptionally high signal intensity of the fluorescent probes in combination with these 
emerging technologies enables real-time fluorescence observations of biological processes 
at the single-cell level (Grienberger and Konnerth 2012). A major advance was achieved 
with the introduction of two-photon microscopy, which revolutionized the field of in vivo 
calcium imaging and is now used worldwide in many laboratories (Helmchen and Denk 
2005).  
A typical Ca2+ imaging setup used for imaging in the nervous system includes a 
light sensing device, light source, microscope, wavelength switching device and a 
digitizing device. The light sensing device is usually a photodetector, CCD or CMOS chip; 
the light source is usually a mercury or xenon lamp, or nowadays a laser or LED source 
(Grienberger and Konnerth 2012). The light sensing device is usually attached to the 
microscope and combined with an appropriate light source for the excitation of the calcium 
indicator dyes. Switching between two excitation wavelengths, as needed for ratiometric 
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dyes, can be performed rapidly by using a filter wheel, monochromatic light source or 
another convenient wavelength switching approach. The excitation and emission light are 
usually separated by a dichroic mirror that is located within the microscope (Yao 2005).  
To make the measured fluorescence intensity more physiologically valid, the signal 
can be expressed as a concentration of Ca2+ in nM, provided that a calibration of the 
fluorescent indicator is performed. The calibration must be done specifically for the 
combination of used fluorescent dye, optic pathway, sample dishes, light source, 
temperature, etc. If any of the mentioned parts of the setup is changed, the calibration 
cannot be considered as valid anymore and needs to be performed again under the new 
conditions (Lambert 2005).  
For the ratiometric dye Fura-2, the [Ca2+]i in nM can be calculated from intensities 
obtained on indicator emission wavelengths f340 and f380 according to the Grynkiewicz 
equation (Grynkiewicz, Poenie et al. 1985): 




where R is the measured ratio f340/f380 and Kd is the dissociation constant for Fura-2, which 
is in usual experimental conditions (37°C, Ph = 7, 1 mM Mg2+ solution) equal to 224 nM  
(Kao 1994). Rmin, Rmax and β are the parameters that must be obtained by calibration. The 
parameter Rmin is the limiting value of the ratio R when all of the indicator is in the Ca
2+-
free form, and the Rmax is the limiting value of the R when the indicator is saturated with 
Ca2+. The factor β is a scaling parameter and represents a ratio of the measured fluorescence 
intensity when all of the indicator is Ca2+-free to the intensity measured when all of the 
indicator is Ca2+-bound; both measurements are taken at f340 as β = (f340 in 0 Ca
2+) / (f380 in 




2 Aims of the thesis 
2.1 Main goals 
Secretion of AVP and OT from terminals is controlled by Ca2+-dependent exocytosis driven 
by the arrival of action potentials initiated at the magnocellular cell bodies in the SON 
(Armstrong 1995). The direct control of the release from the terminals is well known, but 
less established is the central regulatory function in the SON (Armstrong, Wang et al. 2010, 
Dayanithi, Forostyak et al. 2012). In this study, we particularly focus on Ca2+ dynamics of 
MNCs, which may be the key element in the central regulation of hormone release. The 
motivation to study Ca2+ dynamics in detail lies in the distinct crosstalk between [Ca2+]i, 
electrical activity and dendritic release in the SON. The elevation of [Ca2+]i in MNCs occurs 
as a response to extracellular input via a depolarization stimulus or in the form of 
spontaneous [Ca2+]i oscillations. Although these spontaneous [Ca
2+]i oscillations have been 
observed in previous studies (Lambert, Dayanithi et al. 1994, Dayanithi, Widmer et al. 
1996, Gouzenes, Sabatier et al. 1999, Dayanithi, Sabatier et al. 2000), the characteristics, 
the origin and the physiological properties of the oscillations needs to be established. In 
this work, we will explore the principal Ca2+ mechanisms of both spontaneous and induced 
origin, and we will investigate their role in the physiology of the central regulation of 
hormone release. Here we propose the main aims of the thesis, structured into three 
sections. This structure will be followed throughout the whole thesis.  
2.1.1 Mechanisms of spontaneous [Ca2+]i oscillations 
In general, two types of [Ca2+]i oscillations can be recognized, depending on the main 
source of Ca2+: its release from intracellular stores, such as the endoplasmic reticulum (ER), 
or plasmalemmal Ca2+ entry (Sneyd, Keizer et al. 1995). The ER-driven [Ca2+]i oscillations 
result from the periodic release of Ca2+ mediated by the inositol 1,4,5-trisphosphate (InsP3) 
receptor or the ryanodine receptor/Ca2+ release channel (RyR), whereas the extracellular 
Ca2+-driven oscillations require Ca2+ entry through the plasmatic membrane. In this part, 
we will determine the main source of Ca2+ and identify mechanisms that underlie the 




2.1.2 Mechanisms of induced [Ca2+]i elevations 
Influx of extracellular Ca2+ occurs typically in response to electrical activity which 
depolarizes the membrane, opens voltage-gated-calcium-channels (VGCCs) and provides 
the influx of extracellular Ca2+ (Armstrong 1995). By this principle, the [Ca2+]i is elevated 
in phasically firing magnocellular neurones (Roper, Callaway et al. 2003, Roper, Callaway 
et al. 2004). The depolarization-induced Ca2+ influx is often accompanied by the release of 
Ca2+ from intracellular stores via Ca2+-induced-Ca2+-release (CICR) (Verkhratsky and 
Shmigol 1996). To fully understand the hormone release regulation, the role of intracellular 
Ca2+ stores in modulation of the membrane potential needs to be investigated. In this part, 
we want to study calcium dynamics induced by depolarization and evaluate the contribution 
of intracellular Ca2+ stores. We will use a combination of experimental and computational 
approaches to decompose measured intracellular high K+-induced [Ca2+]i elevations into 
separate Ca2+ fluxes and investigate how intracellular Ca2+ stores influence the 
depolarization-induced Ca2+ elevations. 
2.1.3 Physiological role of [Ca2+]i oscillations in MNCs 
Spontaneous [Ca2+]i oscillations have been shown to exist in both AVP and OT neurones, 
yet the physiological purpose of these [Ca2+]i oscillations has not been characterized. The 
role of the oscillations in the central regulation of hormone release was not tested either. 
The main role of MNCs is the regulation of important processes, such as lactation, 
osmosensitivity, water balance, etc. In this part, we will develop approaches that will be 
used to study [Ca2+]i oscillations in physiological states of dehydration or lactation and in 
conditions where we expose oscillating cells to extracellular confrontations mimicking 
physiological stimuli similar to osmotic change. Beside that, we want to search for possible 
differences between the cell subtypes (AVP and OT), and lastly, we will study the possible 
auto-regulatory mechanism of AVP receptors via dendritic release by exposing cells to their 








Adult male Wistar rats (wild type) and three different homozygous transgenic rats were 
used in this study: 1) transgenic rats expressing an arginine vasopressin-enhanced green 
fluorescent protein (AVP-eGFP) (Katoh, Fujihara et al. 2011), 2) transgenic male or female 
or lactating rats expressing an oxytocin-monomeric red fluorescent protein 1 (OT-mRFP1) 
(Katoh, Fujihara et al. 2011), 3) double transgenic (expressing both markers) to visualize 
AVP and OT neurones (Dayanithi, Forostyak et al. 2012). A homozygous line was 
identified among the offspring of two heterozygous parents by finding exclusively 
heterozygous progeny from the mating of transgenic offspring rat with a wild-type Wistar 
rat. The double transgenic AVP-eGFP/OT-mRFP line was generated by mating 
homozygous AVP-eGFP with OT-mRFP transgenic rats. All transgenic rats used in the 
study were screened by polymerase chain reaction analysis of genomic DNA extracted 
from rat ear or tail biopsies before breeding and use in the experiments. The PCR was 
performed using the oligonucleotide primers (AVP-eGFP: sense sequence, 5’-CAC CAT 
CTT CTT CAA GGA CGA C-3’; antisense sequence, 5’-ATG ATA TAG ACG TTG TGG 
CTG TTG T-3’; and OT-mRFP: sense sequence, 5’-GTG AAG CAC CCC GCC GAC AT-
3’; antisense sequence, 5’- TGC ATT ACG GGG CCG TCG GA-3’). The animals 
(weighting 150 - 300 g; 4 - 8 weeks old) were bred and housed at 22˚C, 12:12 h light/dark 
cycle (lights on 07:00-19:00 h), with food and drinking water available ad libitum. In 
experiments with dehydration three groups of animals were prepared; in the control group, 
the rats were maintained under normal conditions (see above) with unlimited access to 
water, in two other groups, the animals were deprived of water for 3-day and 5-day, 
respectively, otherwise under normal laboratory conditions at 22˚C, 12:12 h light/dark 
cycle. In experiment with lactation all animals (transgenic OT-mRFP1 3 to 6-day-lactating 
rats; weighted about 500g; 12 - 16 weeks old) were bred and housed at 22˚C under normal 
laboratory conditions (12:12 h light/dark cycle, lights on 07:00 - 19:00h) with food and 





Figure 3.1: Visualization of fluorescent neurohypophysis (NH) and isolated magnocellular 
SON neurones from the transgenic rats for AVP-enhanced green fluorescent protein 
(eGFP) fusion transgene (AVP-eGFP), oxytocin-monomeric red fluorescent protein 1 





3.1 Drugs and solutions 
All experiments were done in HEPES-buffered normal Locke’s solution (NL; in mM: 140 
NaCl, 5 KCl, 2CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, pH was adjusted to 7.25 with Tris; 
the osmolarity1 was 298–300 mOsmol/l; temperature 37◦ C). In some experiments the 
CaCl2 concentration in the NL was 200 nM or 500 nM. Unless otherwise indicated, all 
chemicals were purchased from Sigma–Aldrich (St. Louis, USA) or from Alomone labs 
(Jerusalem, Israel). Fura 2-AM, TTA-P2, nicardipine, KB-R7943, thapsigargin, CPA, 
CCCP, ryanodine and 4AP were dissolved in DMSO. The hypotonic solution was prepared 
by reducing the appropriate Na+ concentration and in the hypertonic solution the osmolarity 
was increased by adding mannitol. In experiments where extracellular Ca2+ was removed, 
EGTA (100 nM) was added to NL with no added CaCl2. To obtain Na
+ free solutions the 
NaCl was replaced with NMDG-Cl and osmolarity adjusted to 295–300 mOsmol/l. TTX 
and apamin were dissolved in acetic acid as suggested by the suppliers. Other drugs were 
dissolved in total ion-free distilled H2O (EMD Millipore Corporation, Germany) and all 
stock solutions and buffers were prepared using this total-ion-free H2O.  
3.2 Isolation of magnocellular neurones 
For each experiment, animals were sacrificed by decapitation after deep anaesthesia with 
5% isoflurane for 5 min, the brain was rapidly removed, and SON was dissected. SON 
neurones were acutely dissociated by enzymatic and mechanical treatments. In brief, the 
blocks (1 mm × 0.5 mm× 0.5 mm) of SON tissues were dissected and enzymatically 
dissociated by incubation for 30 min in oxygenated HEPES-buffered normal Locke’s 
solution (NL); with pH adjusted to 7.25; the osmolarity was 298–300 mOsmol/l; 
temperature 37°C) supplemented with 1 mg/ml deoxyribonuclease I, 0.5 mg/ml proteases 
X, and 0.5 mg/ml protease XIV. After incubation, tissues were washed with NL and 
triturated gently using a Gilson-Pipetman (1 ml) with a polypropylene white pipette-tip to 
isolate the SON cells. The cells were plated onto 22 mm glass Petri dishes (WillCo Wells-
Amsterdam, The Netherlands). All experiments were performed in accordance with the 
                                                 
1 For preparations of solutions, osmolarity was used as the measure of solute concentration as at 
concentrations near 300 mOsmol/l, the osmolarity and osmolality are very similar. 
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European Communities Council Directive of 24 November 1986 (86/609/EEC) regarding 
the use of animals in research and were approved by the Ethics Committee of the Institute 
of Experimental Medicine, Academy of Sciences of the Czech Republic, Prague, Czech 
Republic (project experiment license #CZ 205/2010 revised in 2013). 
3.3  [Ca2+]i measurements and drug applications.  
The [Ca2+]i measurements using a fluorescent probe Fura-2 AM were performed on isolated 
single neurones from WT or from transgenic (AVP-eGFP-positive and OT-mRFP-positive) 
rats. Neurones with minimal diameter size of 10 µm and persisted dendrites were randomly 
chosen for [Ca2+]i measurements. Video imaging of [Ca
2+]i was performed using an 
inverted microscope Axio Observer D1 (Zeiss) equipped with a CCD camera and Lambda-
DG4 fast rotating wheel illumination system (Sutter Instrument, Novato, USA) for double 
excitation at 340 nm and 380 nm. The fluorescence intensity of the Fura-2 emission was 
measured at 510 nm as a ratio of signals obtained after excitation at 340 and 380 nm. The 
microscope was also equipped with GFP and RFP filters for observing cells bearing 
fluorescent markers. To estimate the range of change in absolute [Ca2+]i in nM 
concentration a calibration following the Grynkiewicz method (Grynkiewicz, Poenie et al. 
1985) was performed. The calibration produced Rmin = 0.2, Rmax = 7.2, f340max/f380min = 
7.7, dissociation constant for Fura-2 at 37 ◦C Kd = 224 nM. An estimation of [Ca2+]i was 
then calculated in MATLAB from the f340/f380 ratio using the Grynkiewicz equation 
(Grynkiewicz, Poenie et al. 1985). During the measurement cells were continuously 
perfused with NL solution at 37◦ C. Solutions were exchanged using a multiple capillary 
perfusion system, for details see (Komori, Tanaka et al. 2010, Kortus, Srinivasan et al. 
2016, Kortus, Srinivasan et al. 2016). Briefly, the 200 µm inner diameter capillary tubing 
was placed close to the tested cell (<500 µm). Solutions were applied through a temperature 
controlled (set at 37◦C) device, applied through a computer controlled multichannel 
peristaltic pump (REGLO ICC, Ismatec) using tubing with 0.64 mm inner diameter. Each 
tubing was fed by a reservoir 20 cm above the bath and connected to a temperature control 
device (Model: TC-324B; Harvard-Paris, France). The solutions flow rate was set to 500 
µl/min for inlet and about 5% slower for outlet. Additional out-let tubing was placed close 
to the edge of the dish for maintaining 2 mm solution (about 750 µl volume) level in the 
dish through-out the measurement period. This setup (illustrated in figure 3.2) ascertains 
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local perfusion with linear flow without any mechanical disturbance and minimal 
fluctuation of solution level. 
 
Figure 3.2: Drugs delivery by continuous perfusion ensuring local and fast exchange of 
solutions. 
3.4 [Ca2+]i oscillation analyses 
3.4.1 Data pre-processing 
Each [Ca2+]i trace was first classified as oscillating or non-oscillating. Changes in [Ca
2+]i 
with an amplitude of at least 30 nM that occurred within 120 sec (or faster) were considered 
to be “Ca2+ events”, and traces or parts of traces in which such events occurred repeatedly 
were considered to be [Ca2+]i oscillations. The threshold of 30 nM was used as a value 
sufficient for excluding the interference of the noise inherent in the signal. Only [Ca2+]i 
traces with sustained oscillations lasting for at least 10 minutes were included in further 
analysis. Traces with strong trend or obvious artefacts were removed from the data set. To 
reduce noise, all data were filtered by a 2nd-order Butterworth low-pass filter with a cut-off 
frequency of 0.5 Hz (with filter coefficients estimated by the MATLAB function butter and 
filtration performed by filtfilt). MATLAB 2015a and its Statistics, Machine Learning, and 
Signal Processing toolboxes were employed in all numerical procedures. 
3.4.2 Data analysis and statistical evaluation 
Four basic parameters were computed for each individual trace or its analysed segment: the 
[Ca2+]i baseline, the mean [Ca
2+]i level, the standard deviation of the trace, and the skewness 
of the [Ca2+]i values. These parameters were computed separately for each trace segment 
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corresponding to a defined physiological condition (for example, application of AVP or 
change of extracellular osmolarity). Only trace segments longer than 300 sec were 
considered. An example of such evaluation is shown in figure 3.3. The [Ca2+]i baseline 𝑐B 
was estimated as the mean of the 20 smallest [Ca2+]i values in each trace or trace segment. 
The mean [Ca2+]i level was calculated as the average of all [Ca





𝑘=1 , where N is the number of [Ca
2+]i samples in the trace segment and 𝑐𝑘 are the 
sample values. The standard deviation SDCa was computed as the square root of the 
variance of [Ca2+]i values within the trace segment. I.e., SDCa = √Var, where Var =
1
𝑁
∑ (𝑐𝑘 − 𝑐̅)
2𝑁
𝑘=1 . The parameter SDCa quantifies the spread of the [Ca
2+]i values within the 









∑ (𝑐𝑘 − 𝑐̅)
3𝑁
𝑘=1  is the third central moment of the distribution of [Ca
2+]i 
values. For a symmetric distribution (such as the normal distribution), 𝛾 = 0, while for an 
exponential distribution, 𝛾 = 2. Positive or negative values of 𝛾 indicate a distribution 
skewed to the right or to the left, respectively (figure 4.17). Differences between the trace 
segments were evaluated based on the four trace parameters defined above. For each 
parameter, the difference of its value before and after drug application was calculated for 
each cell trace (example in figure 3.3). This difference was then averaged over the cells in 
the given group, and the paired t-test was used to determine if the difference was 
statistically significant. The p-values reported in Results represent the significance level for 
rejecting the null hypothesis of zero difference. The MATLAB function ttest was used. In 
figures displaying data fitted by a linear approximation, least-squares fitting was performed 
using the MATLAB function polyfit. As a measure of goodness of the linear fit we use the 
coefficient of determination 𝑅2 calculated as  
𝑅2 = 1 −
∑ (𝑐𝑘 − 𝑐𝑘
′ )2𝑁𝑘=1
∑ (𝑐𝑘 − 𝑐̅)2
𝑁
𝑘=1
  , 
Where 𝑐𝑘 denotes the measured [Ca
2+]i values and 𝑐𝑘
′  the values estimated by the linear 
approximation. In all [Ca2+]i trace figures, the bars above the trace denote an application of 
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test substances. Unless otherwise indicated specifically, the data are presented as mean 
values ± SEM (n = the number of observations).  
 
Figure 3.3: Example of evaluation of [Ca2+]i oscillations. For both segments of the 
recording (300 s in NL buffer and 300 s with added 1 µM AVP), four basic parameters are 
evaluated: the [Ca2+]i baseline, the mean [Ca
2+]i level, the standard deviation of the trace, 
and the skewness of the [Ca2+]i distribution(for details, see methods, section 3.4.2). The 
difference in parameter values is shown graphically for the [Ca2+]i baseline and the mean 
[Ca2+]i level. 
3.5 Analysis of depolarization-induced [Ca2+]i responses 
Ca2+ imaging permits to measure the intracellular Ca2+ concentration with a high temporal 
resolution, however, the measurements lack the information about individual fluxes, as they 
are integrated into the overall changes of Ca2+ concentration in cytosol. For our purpose, 
we designed an approach where the combination of several experimental protocols and 
mathematical post-processing permits us to evaluate the individual Ca2+ fluxes, even 
though only the overall [Ca2+]i changes were actually measured during the experiment. 
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3.5.1 Pharmacological manipulation of CICR 
To obtain experimental data suitable for the mathematical separation of the fluxes, we 
measure responses to the same depolarization stimulus in different situations, when one or 
more of the possible fluxes are pharmacologically eliminated. For the pharmacological 
manipulation of Ca2+ fluxes, we apply several approaches that are well-proven and 
applicable to MNCs (Sasaki, Dayanithi et al. 2005, Komori, Tanaka et al. 2010). As a 
depolarization stimulus, we use 50 mM K+ NL buffer extracellularly applied for certain 
duration. The 50 mM K+ concentration was chosen as a commonly used stimulus to mimic 
membrane depolarization and as a concentration that ensures the involvement of all the 
studied Ca2+ fluxes (Komori, Tanaka et al. 2010, Lemos, Ortiz-Miranda et al. 2012). In 
typical measurement, 50 mM K+ induces [Ca2+]i elevation from a resting baseline of ~100 
nM to 600-800 nM [Ca2+]i peak concentration. Coming back to the resting concentration 
usually takes about 5–10 min (Wang, Dayanithi et al. 1997, Komori, Tanaka et al. 2010).  
  
Figure 3.4: A schematic diagram of net Ca2+ fluxes across the plasmatic membrane (Jin 
and Jout) and across the intracellular membrane of the ER (Jer and Jserca) in three different 
situations. (A) Normal conditions: all the displayed Ca2+ fluxes are involved in the changes 
of [Ca2+]i. (B) Both fluxes across the membrane of the ER are suppressed: only the fluxes 
across the plasmatic membrane are involved. C) The Ca2+ flux from the ER to cytosol is 
eliminated by depletion of Ca2+ stored in the ER; no additional Ca2+ comes from the ER, 
while Jserca remains untouched and actively transports Ca
2+ from cytosol and stores it in 
the ER. 
The following three experimental protocols were designed with the aim to induce 
cells into the three different modes illustrated in figure 3.4 by a pharmacological 
suppression of one or more Ca2+ fluxes. The main principle of these experimental protocols 
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is exposing neurones to two K+-induced depolarizations, the first being a control exposure 
and the second an exposure after the treatment supressing specific Ca2+ fluxes.  
Protocol A) Normal conditions, all potential Ca2+ fluxes functioning 
This protocol aims to record typical K+-induced responses in normal conditions with 
all the Ca2+ fluxes functioning. The situation is schematically illustrated in figure 3.4A, and 
the drug applications are illustrated in a representative trace in figure 3.5A. First, a control 
50 mM K+ depolarization stimulus is applied for a duration of 60 seconds and is repeated 
again after 17 minutes with no additional treatments. The 17-minute break ensures enough 
time for the neurone to recover and reach the resting [Ca2+]i level. Sufficient time between 
two depolarizations is also required for drug applications in other protocols. In-between the 
two exposures, the cell is bathed in NL buffer containing 3 mM GABA to prevent 
spontaneous Ca2+ oscillations that often occur in MNCs (Kortus, Srinivasan et al. 2016). In 
this case, all fluxes are functioning during both responses, and the representative trace 
(figure 3.5A) shows a typical K+-induced biphasic elevation in [Ca2+]i consisting of a rapid 
overshoot to a level of ~800 nM, followed by a slow decay to a plateau. 
Protocol B) Inhibition of the ER Ca2+ fluxes 
In this protocol, ER-targeting drugs are used as a tool to exclude the intracellular 
Ca2+ fluxes and record the K+-induced response driven only by the extracellular Ca2+. The 
situation is illustrated in figure 3.4B, and the drug application sequence is illustrated in a 
representative trace in figure 3.5B. First, the neurone is exposed to control 50 mM K+ for 
60 s, as in protocol A. After a sufficient break for the cell to recover and reach its baseline 
concentration, a combination of CPA (a potent reversible inhibitor of the ER SERCA 
pumps) and caffeine (ER Ca2+ mobilizer) is applied in the absence of the extracellular Ca2+ 
to effectively release Ca2+ stored in the ER. To clearly observe and confirm the effect of 
CPA and caffeine, the 0 Ca2+ buffer precedes the application of 10 mM caffeine and 10 uM 
CPA. In this sequence, the [Ca2+]i elevation in 0 Ca
2+ condition confirms that the caffeine 
and CPA has reached the ER, and the store is being depleted. After that, the solution is 
switched back to the normal 2 mM Ca2+ NL buffer, and suddenly (in about 10 s), the second 
50 mM K+ is being applied again for 60 seconds. This step prevents the influence of the 
rapid switching from 0 to 2 mM Ca2+ on the subsequent response to K+. Note that while the 
caffeine was being added just for 5 minutes to induce the Ca2+ release from the ER and was 
removed before the second K+ exposure, the CPA, as a partially reversible blocker, was 
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present for the rest of the experiment to prevent a re-accumulation of Ca2+ in the ER during 
the depolarization. Using only CPA without caffeine for the depletion of the ER was found 
to be inefficient and did not guarantee an effective depletion of the ER. The most efficient 
depletion of the ER was achieved with CPA combined with caffeine applied in 0 Ca2+ 
buffer, as described above.  
Protocol C) Supressing the intracellular Ca2+ release 
This protocol aims to supress the release of Ca2+ from the ER via the CICR 
mechanism during the depolarization stimulus. The ER is depleted before the response to 
K+-induced depolarization is recorded, while the SERCA pump remains fully functioning. 
To achieve that, we use the same drug application sequence as in protocol B, but without 
using the SERCA blocker CPA. The situation is illustrated in figure 3.4C, and the drug 
application sequence is illustrated in a representative trace in figure 3.5C. In this protocol, 
we expect that the depleted ER will not serve as an additional source of Ca2+, but on the 
contrary, the preserved function of the SERCA pump will remove part of the incoming 
extracellular Ca2+ and store it in the ER. This should cause a significant attenuation of the 
response, as it is presented in a representative trace in figure 3.5C, where the second 






Figure 3.5: Representative [Ca2+]i traces illustrating three experimental protocols used to 
pharmacologically manipulate Ca2+ fluxes involved in depolarization-induced responses. 
The bar labels indicate drug applications. In all the three protocols, cells are exposed to 
two 50 mM K+ for 60 seconds with the following modifications: A) A trace representing 
control conditions: 50 mM K+ is applied two times for 60 seconds with no other treatment 
in between. B) Before the second exposure to 50 mM K+, the cell is first bathed in a low-
Ca2+ solution for 10 minutes; 10 uM CPA and 10 mM caffeine are added into the low-Ca2+ 
solution for 5 minutes in order to deplete Ca2+ stores and block the SERCA pump. Just 
before the second 50 K+ exposure (10s), the solution is switched back to the normal 2 mM 
Ca2+ NL buffer. Note that while caffeine was present only for 5 minutes, the CPA remained 
present till the end of the protocol to prevent Ca2+ re-uptake into the ER via the SERCA 
pump. C) The last protocol followed the same drug application sequence as the protocol in 
panel B with the only exception that no CPA was added before the second 50 K+ exposure.   
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3.5.2 Mathematical estimation of Ca2+ fluxes 
Depolarization-induced [Ca2+]i response obtained from Ca
2+ imaging represents overall 
changes in [Ca2+]i resulting from multiple Ca
2+ fluxes combined in the measured signal. To 
separate the overall changes into the individual fluxes, we introduce an estimation 
procedure consisting of several steps. We first assume that the cytoplasmic Ca2+ 
concentration (ci)
2 during the depolarization-induced response is governed by four general 
fluxes: Jin – a depolarization-induced influx, Jout – a clearance outflux from cytosol to the 
extracellular space, Jer – CICR-driven release of Ca
2+ from the ER and Jserca – a SERCA 
pump-driven uptake of Ca2+ from cytosol to the ER. This simplification into four major 
fluxes is often used for mathematical modelling of the Ca2+ dynamics in excitable cells 
(Sneyd, Tsaneva-Atanasova et al. 2004, Keener and Sneyd 2009). Equation 1 describes the 
rate of total Ca2+ transport by the respective fluxes:  
dci/dt(t) = Jin(t) + Jer(t) - Jserca(t) - Jout(t). [eq. 1] 
The cytosolic concentration ci and its rate of change ci/dt are the quantities directly 
known from the Ca2+ imaging, whereas the individual components are unknown. The fluxes 
from eq. 1 are schematically illustrated in figure 3.6 with the arrows indicating their 
preferred flow orientations. 
 
Figure 3.6: A schematic diagram of the four major Ca2+ fluxes responsible for dynamic 
changes of the intracellular Ca2+ concentration ci  
                                                 




All the fluxes in eq. 1 are expressed as a function of time, however, it is widely 
accepted that the flux Jout responsible for the removal of Ca
2+ from cytosol is strongly 
dependent on the intracellular Ca2+ concentration ci (Sneyd, Tsaneva-Atanasova et al. 2004, 
Lee, Ho et al. 2009, MacGregor and Leng 2012). For further steps, we consider that the Jout 
is a sum of plasma membrane pumps and exchangers and is dependent only on the 
instantaneous calcium concentration (ci) and so can be expressed as the function Jout(ci). 
Similarly as the Jout, the ER uptake flux Jserca is considered to be strongly modulated by both 
the cytoplasmic Ca2+ concentration and by the luminal Ca2+ concentration in the ER (Sneyd, 
Tsaneva-Atanasova et al. 2004, Keener and Sneyd 2009). However, the dependency is not 
described and confirmed in literature as well as for the Jout, and the lack of knowledge of 
the instantaneous Ca2+ concentration in the ER makes it difficult to incorporate the 
dependency into analyses. Therefore, for Jserca, we accept an estimation of the net exchange 
of Ca2+ between the ER and cytosol, which provides a valuable information about the 
inward/outward net flux in time domain.  
The fluxes Jer and Jserca in eq. 1 are unknown, however, they can be omitted if the 
measured responses are obtained under the condition where these fluxes are inhibited and 
can be considered as equal to zero. An experimental protocol that supresses the ER Ca2+ 
fluxes Jserca and Jer was introduced in methods as protocol B (section 3.5.1). This protocol 
brings the cell into the condition where the ER is depleted and contains optimally no free 
Ca2+ ions to be released, and the SERCA pump is simultaneously pharmacologically 
inhibited by its specific blocker CPA. In such situation, we assume that the [Ca2+]i changes 
during the depolarization-induced response are governed solely by the depolarization-
induced influx Jin and by the opposite removal flux Jout (figure 3.4). Considering that the 
Jout depends only on the instantaneous calcium concentration (ci), as described above, the 
eq. 1 is reduced into a simplified version: 
dci /dt(t) = Jin (t) – Jout(ci). [eq. 2] 
Flux Jin in eq. 2 is generally unknown, however, it is directly controlled by exposure 
to K+-induced depolarization. In resting conditions (no depolarization), Jin may have a non-
zero value that is compensated by non-zero Jout, which in overall results in zero net Ca
2+ 
flux and sets the resting Ca2+ concentration. For our purpose, we define the Jin and Jout 
values in resting conditions as zero baseline, and any changes from the baseline will be 
expressed as non-zero positive or negative values. During depolarization, the Jin switches 
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to a positive non-zero value and ci rises. If no other processes are involved, the ci rises until 
the Jout compensates the non-zero flux Jin, and a new equilibrium is settled. When the 
depolarization is removed, the flux Jin switches back to zero value, and the ci starts to 
decline due to the suddenly dominating Jout flux. A hypothetical evolution of the ci and the 
Jin and Jout fluxes during the depolarization are illustrated in figure 3.7. Note that the curves 
for Jin and Jout are negligibly shifted on the rate scale to distinguish the overlapping parts.  
Most importantly, during the declining period (after ending the depolarization 
stimulus and before re-establishing the resting level of ci), the Jout is the only remaining 
active flux out of the four general fluxes defined in eq. 1. It reduces eq. 1 into the simple 
form dci/dt(t) = -Jout(ci) and permits us to estimate the rates of Ca
2+ clearance by fitting an 
exponential curve to the declining part of ci(t). By plotting the fitted curve as a rate against 
ci, we establish the clearance function as the [Ca
2+]i-dependent flux Jout(ci). For details about 
the estimation of the clearance function, see section 3.5.3. 
 
Figure 3.7: An illustrative example of a hypothetical evolution of Ca2+ fluxes during the 
depolarization-induced Ca2+ response in condition with supressed intracellular fluxes. The 
blue line represents an intracellular Ca2+ concentration (ci) elevated by high K
+-induced 
depolarization. When intracellular fluxes are supressed, the elevation is driven by re-
establishing of a new equilibrium between remaining fluxes Jin and Jout. The curves for Jin 
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(red) and Jout (yellow) are vertically shifted from zero baseline to distinguish overlapping 
parts. 
Now, if the clearance function is known, the rate Jout(ci) in eq. 2 can be calculated 
for each time point of the measured dci(t)/dt to obtain the clearance rate in time domain as 
Jout(t). Using eq. 2, the calcium influx rate Jin(t) during the depolarization-induced response 
can be calculated by subtracting the Jout(t) from the measured rate dci/dt(t).  
The above-described estimation of the Jout and Jin fluxes is for a response obtained under 
conditions with a blocked ER, following the experimental protocol B (figure 3.5B). The 
response with the blocked ER, however, preceded a control response with no ER-targeting 
treatment (figure 3.5B). In this control response, the dci/dt(t) is governed by all the four 
fluxes described in eq. 1. Based on the earlier consideration that the Jout is a function of ci, 
the already estimated clearance function can be reused to calculate the Jout(t) flux also for 
the control response. Similarly, we consider Jin(t), which is in both conditions (control, 
blocked ER) induced by the same depolarization stimulus, to be identical in both cases. 
Using these assumptions, we can subtract the Jin(t) and Jout fluxes (known from the response 
with the blocked ER) from the control response dci/dt(t). This step reduces eq. 1 to a form 
describing the net Ca2+ exchange across the ER membrane ΔJer(t): 
dci /dt(t) = Jer(t) – Jserca(t) = ΔJer(t). [eq. 3] 
In other words, after subtracting the fluxes estimated from the response with the 
blocked ER, the remaining [Ca2+]i changes must represent the net ER fluxes. This approach 
is, of course, suitable for cells where the ER Ca2+ exchange dominates over the other 
intracellular Ca2+ fluxes, which were omitted in eq. 1. Such fluxes could be a mitochondrial 
Ca2+ transport, high affinity intracellular Ca2+ buffers or other organelles. Establishing the 
net Ca2+ flux across the ER membrane does not give us a full description of the individual 
Jer and Jserca fluxes, but it provides us with valuable information at the moments when the 
flux into the ER overcomes the outcome and vice versa.  
3.5.3 Estimation of a clearance function 
The approach introduced in the previous section 3.5.2 requires a knowledge of the Jout flux 
as a function of [Ca2+]i. To acquire that, we estimate the rates of Ca
2+ clearance by fitting a 
double-exponential curve to the decline of [Ca2+]i of the K
+-induced response immediately 
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following the K+ removal. The K+-induced response must be elicited in a condition with 
inhibited intracellular fluxes of the endoplasmic reticulum. For that purpose, the 
experimental protocol B, introduced in section 3.5.1, was employed. The clearance function 
Jout(ci) is then obtained as a curve fitting the measured dci/dt vs. [Ca
2+]i. The fitting of the 
exponential decay was estimated by the MATLAB (edition 2015b) function nlinfit of the 
Curve fitting toolbox. Examples of the fitted decay and obtained clearance function are 
presented in figure 4.10 (section 4.2.4). Using double-exponential fitting is a commonly 
utilized approach in studies of Ca2+ clearance mechanisms (Fierro, DiPolo et al. 1998, Lee, 
Ho et al. 2009, Scullin and Partridge 2010). Our approach supposes that the fitted decay 
obtained in the ER-blocked condition represents the overall sum of plasmalemmal 






4.1 Mechanisms of [Ca2+]i oscillations in magnocellular 
neurones  
In this section, we analysed spontaneous [Ca2+]i oscillations in isolated rat magnocellular 
neurones of the supraoptic nucleus using an extensive battery of specific pharmacological 
tools to propose the possible mechanisms driving these oscillations. The results presented 
in this section were published in (Kortus, Srinivasan et al. 2016) and are available in full 
form in appendix B.I. 
4.1.1 Removal of external Ca2+ inhibits [Ca2+]i oscillations 
To probe the necessity if extracellular Ca2+, we lowered its concentration during continuous 
measurement of [Ca2+]i oscillations in isolated MNCs. Removal of extracellular Ca
2+ led to 
an immediate cessation of spontaneous [Ca2+]i oscillations in all tested neurones (n = 9; 
figure 4.1A). After extracellular Ca2+ removal the basal [Ca2+]i of 133 ± 14 nM started to 
decline until it reached a low steady state level of 32 ± 6 nM in about 3 min. Inhibition of 
[Ca2+]i oscillations by removal of external Ca
2+ was reversible and the oscillations (as well 
as basal [Ca2+]i) were restored rapidly after switching perfusion back to the normal 
extracellular solution (figure 4.1A). The [Ca2+]i oscillations still persisted when external 
Ca2+ was lowered from 2 mM to 500 nM (n = 6) or to 200 nM (n = 4), but no oscillations 




Figure 4.1: Effect of external Ca2+ removal and VGCC blockers on [Ca2+]i oscillations. A: 
A typical [Ca2+]i oscillations observed in a neurone before and after removal of external 
Ca2+. B: Inhibition of spontaneous [Ca2+]i oscillations by Cd
2+. C,D: Exposure of SON 
neurones to T-type VGCCs inhibitors Ni2+ and TTA-P2 failed to affect spontaneous [Ca2+]i 
oscillations.  
4.1.2 Voltage-dependent Ca2+ channels and [Ca2+]i oscillations 
A non-specific Ca2+ channel blocker Cd2+ at 50 µM or 100 µM led to a complete inhibition 
of [Ca2+]i oscillations in all tested neurones (n = 17, figure 4.1B). In contrast, incubation 
with Ni2+ (50 M, n = 10, figure 4.1C) or TTA-P2 (10 mM, n = 9, figure 4.1D), both being 
blockers of T-type VGCCs (Dreyfus, Tscherter et al. 2010), did not affect [Ca2+]i 
oscillations. We further probed more specific antagonists of high-threshold VGCCs, the 
effects of which on spontaneous [Ca2+]i oscillations are summarized in figure 4.2. Neither 
L-type channel blocker nicardipine (1 µM, n = 10, figure 4.2A), nor a specific blocker of 
the N-type channels ω-conotoxin GVIA (800 nM, n = 12, figure 4.2B), nor a specific 
blocker of the Q-type, ω-conotoxin MVIIC (100 nM, n = 6, 1µM, n = 2, figure 4.2C), nor 
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a specific blocker of the P/Q-type channels ω-agatoxin IVA (300 nM, n = 5, figure 4.2D) 
affected [Ca2+]i oscillations.  
 
Figure 4.2: Effect of specific of HVGCC blockers on [Ca2+]i oscillations. The 
representative traces showing the oscillations from individual neurones in the presence of 
different HVGCC blockers: nicardipine (1 M) for L-type (A); -conotoxin GVIA (800 nM) 
for N-type (B); two different concentrations of -conotoxin MVIIC for P-type (C) and -
agatoxin (300 nM) for P/Q-type (D). Note that none of the blockers affected the oscillations.   
In contrast, a specific inhibitor of R-type VGCCs SNX-482 (Wang, Dayanithi et al. 
1999, Bourinet, Stotz et al. 2001, Ortiz-Miranda, Dayanithi et al. 2005) affected [Ca2+]i 
oscillations when applied at various concentrations. At 40 nM SNX-482 only partially 
inhibited [Ca2+]i oscillations in 1 out of 6 neurones (data not shown). At 100 nM (figure 
4.3A) of SNX-482 [Ca2+]i oscillations were completely blocked in 9 out of 19 neurones, 
partially inhibited in 5 cells and had no effect in the remaining 5 neurones. In cells in which 
SNX-482 completely inhibited [Ca2+]i oscillations, the basal [Ca
2+]i decreased from 153 ± 




Figure 4.3: Effect of R-type VGCC blocker on [Ca2+]i oscillations. Traces A and B show 
[Ca2+]i oscillations from individual neurones recorded in the presence of 100 nM and 200 
nM SNX-482, a specific blocker of R-type channels, respectively. The trace C shows the 
specific block of oscillations by SNX-482 in comparison with no effect of ω-agatoxin IVA. 
Trace D shows [Ca2+]i oscillations from a neurone which was first exposed to the mixture 
of blockers of Ca2+ channels (L, N, P/Q-type) followed by the addition of SNX-482.  
In neurones in which oscillations were only partially blocked the basal [Ca2+]i also 
dropped from 143 ± 15 to 102 ± 12 nM (figure 4.3C). In the remaining 5 cells which were 
insensitive to the drug, the basal [Ca2+]i did not change significantly. When applied at 200 
nM (figure 4.3B), SNX-482 completely blocked [Ca2+]i oscillations in 4 out of 6 neurones. 
To further corroborate the contribution of R-type VGCCs, the neurones were exposed to a 
mixture of specific blockers for L, N, P/Q and T-type channels (1µM nicardipine, 800 nM 
ω-agatoxin IVA, 300 nM ω-conotoxin GVIA and 50µM Ni2+), which failed to inhibit 
[Ca2+]i oscillations. The addition of 100 nM of SNX-482 to this cocktail however inhibited 
[Ca2+]i oscillations in 3 out 3 neurones (figure 4.3D) and further indicated the contribution 
of R-type channels. 
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4.1.3 Role of Na+ channels and Na+ transport  
To test whether the [Ca2+]i oscillations are driven by electrical activity, we probed the 
oscillating cells with inhibitors of action potentials. Removal of extracellular Na+ caused a 
complete, rapid and reversible block of [Ca2+]i oscillations in 7 out of 11 neurones,  
significantly inhibited oscillations in 2 neurones and had no effect in the remaining 2 
neurones (figure 4.4A). At the same time, treatment with the specific blocker of voltage-
gated Na+ channels TTX at concentrations between 750 nM to 5 M (figure 4.4B) did not 
affect [Ca2+]i oscillations in all tested cells (n = 26). On the contrary, treatment of oscillating 
neurones with KB-R7943, a selective inhibitor of the reverse mode of Na+/Ca2+ exchanger, 
NCX (Kawano, Otsu et al. 2003, Brustovetsky, Brittain et al. 2011) caused a complete 
block of oscillations and lowered basal [Ca2+]i to 95 ± 5 nM in 26 out of 33 neurones (figure 
4.4C). In the remaining 7 neurones, the oscillations were inhibited only partially and the 




Figure 4.4: Role of extracellular Na+, 
voltage-gated Na+ channels and NCX. A: 
Removal of external Na+ completely 
inhibited [Ca2+]i oscillations; B: 
Inhibition of voltage-gated Na+ channels 
with TTX did not affect spontaneous 
[Ca2+]i oscillations. C: Exposure of 
magnocellular neurone to KB-R734, a 
specific inhibitor of NCX reverse mode) 
completely and reversibly inhibited 











4.1.4 Role of intracellular Ca2+ stores and Ca2+ clearance mechanisms  
Ca2+ stored in Endoplasmic reticulum (ER) is known to serve as source of Ca2+ for 
oscillations in many cells (Ventura and Sneyd 2006, Keener and Sneyd 2009) and hence is 
a candidate also in MNCs. Treatment of SON neurones with TG (irreversible blocker of 
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ER SERCA pump) did not affect [Ca2+]i oscillations in all tested neurones (n = 8), except 
of producing a short transient effect when oscillations were inhibited for 1-2 minutes after 
exposure to TG but fully recovered in the continuing presence of TG. This transient effect 
of TG was observed in 6 out of 8 neurones, example in figure 4.5A. Treatment of SON 
neurones (n = 4) with a reversible blocker of SERCA pumps cyclopiazonic acid (CPA, 10 
µM) also had no visible effect on [Ca2+]i oscillations in 3 out of 4 neurones; in 1 cell, 
similarly to TG, CPA produced transient inhibition (figure 4.5B). In addition, we tested the 
CPA effect in the absence of external Ca2+ by using 0 Ca2+ buffer and then exposing the 
neurones to 10 M CPA; this resulted in a transient elevation of [Ca2+]i. When 0 Ca
2+ buffer 
was switched back to the 2 mM Ca2+ NL, we observed an immediate transient increase in 
[Ca2+]i and the oscillations were restored. Subsequent exposure to CPA failed to affect the 
ongoing oscillations. This protocol was tested with same result in 7 neurones (figure 4.5C). 
Ryanodine and caffeine, that mobilize Ca2+ from ER through activation of ryanodine 
receptors (RyRs) induced a transient elevation of [Ca2+]i in non-oscillating SON neurones 
which lasted between 1 and 3 minutes (data not shown, for example see figure 3.5). 
However, application of ryanodine (10 µM, n = 6) or caffeine (10 mM, n = 4) to neurones 
exhibiting [Ca2+]i oscillations did not affect the latter, except (similarly to TG and CPA), 
inducing a short (1 - 2 minute) transient inhibition that was observed in 2 out of 6 neurones 
treated with ryanodine and in 2 out of 4 neurones treated with caffeine. Subsequently, 
contribution of the PMCA was tested by applying 100 µM of Lanthanum (La3+), which is 
known to effectively block plasmalemmal Ca2+ pump (Wanaverbecq, Marsh et al. 2003). 
Exposure to 100 M of La3+ inhibited [Ca2+]i oscillations in 8 out of 9 neurones (figure 
4.5F). However, the neurones failed to recover the oscillations and did not survived for a 





Figure 4.5: Effect of intracellular Ca2+ mobilizers and inhibitors of Ca2+-clearance 
mechanisms. A, B: inhibition of endoplasmic reticulum Ca2+ SERCA pump by thapsigargin 
(A) and CPA (B) does not affect spontaneous [Ca2+]i oscillations. C: shows the effect of 
CPA on [Ca2+]i in the presence and absence of external Ca
2+. D, E: Mobilization of ER 
Ca2+by 10 µM ryanodine (D) or 10 mM caffeine (E) does not influence spontaneous [Ca2+]i 
oscillations. F: Exposure of magnocellular neurone to La3+(a blocker of plasma membrane 
Ca2+-ATPase) inhibits spontaneous Ca2+oscillations. 
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4.1.5 Effect of GABA and blockers of K+ currents on [Ca2+]i oscillations  
Effect of neurotransmitters was tested by exposure of magnocellular neurones to various 
concentrations of GABA (3 M, n= 12; 20 M, n = 4; and 50 M, n = 4). All used 
concentrations completely inhibited [Ca2+]i oscillations in all cells tested; this inhibition 
was fully reversible (examples: figure 4.6A, for 3 M; figure 4.6B, with 10 M gabazine). 
The inhibitory effect of GABA was completely blocked by GABAA antagonist gabazine 
(at 10 µM, n = 3). Similar (albeit slightly weaker) inhibition was induced by glycine (20 
µM, in 4 cells blocked, in 1 partially blocked, in 3 no effect) and taurine (500 µM, in 6 cells 
blocked, in 1 partially blocked, in 2 no effect); figure 4.6 C and D respectively. Exposure 
of SON neurones to 10 - 50 mM of 4-AP (inhibitor of IA K
+ channels) did not affect 
spontaneous [Ca2+]i oscillations (n = 5, figure 4.6E); similarly impotent was the inhibitor 




Figure 4.6: Effect of neurotransmitters and blockers of K+ currents on [Ca2+]i oscillations. 
A: Exposure to GABA at 3 M reversibly inhibited spontaneous [Ca2+]i oscillations. B: 
Gabazine completely inhibited effect of GABA. C, D: weaker but noticeable inhibitory 
effect of Taurine and Glycine. E, F: Exposure of magnocellular neurones to 4-AP, an 
inhibitor of A-type K+ current (C) or to apamin, an inhibitor of Ca2+-activated K+-current, 




4.2 Induced Ca2+ fluxes in magnocellular neurones 
In this part of the work, we studied depolarization-induced [Ca2+]i responses in isolated 
MNC neurones. We use a combination of experimental and computational approaches to 
decompose measured intracellular Ca2+ elevations into separate Ca2+ fluxes to investigate 
how intracellular Ca2+ stores influence depolarization-induced Ca2+ responses. This part of 
the work follows the results from the previous section 4.1 to cover the properties of both 
induced and spontaneous [Ca2+]i dynamics in MNCs. 
4.2.1 Depolarization-induced [Ca2+]i responses 
To probe the calcium dynamics in MNCs induced by a depolarization of the membrane, we 
exposed the isolated neurones to pulses of high extracellular K+. While a short exposure 
typically triggered a rapid [Ca2+]i elevation and slower exponential decay, a longer exposure 
uncovered a biphasic shape of the transients. To achieve a better separation of the rising 
and declining phases, we used prolonged exposures (>30 s) which highlight the time course 
of the two phases. figure 4.7A shows a typical recording of a train of [Ca2+]i transients 
elicited by a repeated exposure to high K+ (50 mM) in MNCs. The prolonged K+ exposure 
induced a biphasic elevation in [Ca2+]i consisting of a rapid overshoot to a level of ~1000 
nM, followed by a slow decay to a plateau of ~500 nM. Typically, the cell recovers with 
repolarization after the K+ is washed out, and the [Ca2+]i quickly drops, following a fast 
exponential decay with a return to the basal concentration within several minutes. The 
overshoot is usually repeated with the next exposure to high K+, but while the reached 
plateau retains its [Ca2+]i level, the amplitude of the overshoot typically degrades with each 
repetition and eventually completely vanishes (figure 4.7A). However, with a sufficient 
break between two K+ exposures, the neurone recovers, and the overshoot appears again. 
The ability to recover is captured in figure 4.7A: the amplitude of the last transient before 
the interruption of the K+ train is only about 50% of the initial one. After a 5-minute break, 
the cell sufficiently recovered, and the amplitude of the consequent exposure reached about 
80% of the initial one.  
The transients from the trace in figure 4.7A are additionally displayed below in 
panel B: they are aligned with their declining edge and with their rising edge, respectively. 
It highlights that not only the amplitude but also the time course of the transient changes 
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with each repetition of the K+-induced depolarization. figure 4.7B also uncovers that the 
declining phase after the K+ washes out does not change visibly, contrary to the evolution 
of the overshoot and of the rate of Ca2+ elevation with an obvious trend of change. It 
indicates that a repeated exposure to a depolarization stimulus modulates the [Ca2+]i 
elevation but does not affect the Ca2+ clearance ability of the neurone. 
 
Figure 4.7: Repeated response to a high K+-induced depolarization. A) A train of [Ca2+]i 
transients in a single neurone elicited by a repeated exposure to 50 mM K+ with a 60-s 
duration and 60-s break between the exposures. In 5 minutes after the last transient, more 
K+ stimuli were applied to test the ability of the neurone to recover from multiple 
depolarizations. B) Transients from panel A are aligned with the rising and decay edges. 
The rising edges are aligned by their initiating point at t = 0. The decay edges are shifted 
to be aligned by the exponential decay phase with the shifts indicated in seconds. 
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Repeatability of the K+ responses was further tested in an experiment with dose-
dependent K+ exposures (figure 4.8). The figure shows a representative [Ca2+]i trace from 
a cell exposed to a series of different K+ concentrations. The cell was first exposed to the 
highest 100 mM K+ concentration followed by concentrations of 60, 40 and 25 mM K+, 
after which the exposures were repeated in a reversed order from 25 mM to 100 mM. The 
plot shows that the second exposure to the same K+ concentration results in a much smaller 
amplitude than the first response. Similar results were achieved with a protocol starting 
from the lowest concentration to the highest and subsequently from the highest to the lowest 
(data not shown). These results clearly show that depolarization-induced [Ca2+]i responses 
in MNCs do not directly correspond to the strength of the depolarization (expressed as 
applied concentration of potassium). The strength of the response, characterized by its 
amplitude, has a strong dependency on the previous [Ca2+]i activity of the neurone. To 
further investigate the role of the activity-dependent pattering of the [Ca2+]i signals, in next 
sections, we focus on identifying the mechanisms underlying the appearance of the initial 
overshoot in MNCs. 
 
Figure 4.8: A typical repeated dose-dependent response to high K+. The train of [Ca2+]i 
transient was elicited by a K+-induced depolarization. The K+ concentration was increased 
from the basal 5 mM to the indicated concentrations during 60 second lasting exposures. 
figure 4.7A and figure 4.8 show a typical record of a repeated exposure to K+-
induced depolarization. The [Ca2+]i peak amplitude and the ability to recover between two 
exposures considerably varied cell to cell. In several observations, the cell did not recover 
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at all, and the initial peak was presented only in the first exposure. In other cases, the initial 
peak was recovered rapidly, and a very small degradation of the amplitude was observed. 
To overcome the variability in responses, further analyses were done with averaged 
responses calculated across a number of neurones. 
4.2.2 Depletion of intracellular Ca2+ stores and blocking of the SERCA pump 
To evaluate the contribution of intracellular Ca2+ stores to depolarization-induced [Ca2+]i 
elevations, we measured responses to high K+ in a situation where we pharmacologically 
eliminated intercellular Ca2+ fluxes and compared the results with responses under normal 
conditions. To efficiently achieve the elimination of intracellular fluxes, we used a 
combination of caffeine and CPA in 0 Ca2+ buffer according to the experimental protocols 
B and C introduced in the method section 3.5.1. Protocol B uses a combination of both 
caffeine and CPA to deplete the ER and to completely block the contribution of intracellular 
ER-driven fluxes to K+-induced responses. Protocol C uses only caffeine to effectively 
deplete the ER and selectively inhibit the release of Ca2+ from the ER but at the same time 
leaves the ER clearance mechanism of the SERCA pump functioning. The exact drug 
applications with indicated durations of exposures and concentrations are illustrated in 
representative traces in figure 3.5 (panels B and C). Both protocols were repeated for n = 5 
AVP and for n = 5 OT neurones, and averaged responses were calculated. The results for 
protocol B are shown in figure 4.9 for AVP neurones (panel A) and for OT neurones (panel 
B). Averaged control responses (red line) are compared with averaged responses after the 
caffeine/CPA treatment (black line). The control responses show a typical two-phase 
pattern consisting of a rapid rise component with an overshoot followed by a slow decay 
component reaching a steady concentration. After the K+ is removed, the [Ca2+]i follows a 
fast exponential decay reaching the basal level within minutes. Responses after the 
treatment with caffeine and CPA (black line) visibly changed their time course. The initial 
overshoot is completely absent, and the decay to the basal Ca2+ level after the K+ removal 
is significantly slower. It indicates that the caffeine/CPA treatment attenuated the responses 
by an efficient depletion of the ER and slowed the overall clearance ability by the SERCA 
pump suppression.  
The effect of treatment with caffeine/CPA elicited a similar effect in both AVP and 
OT neurones (panel A vs. panel B in figure 4.9). The rapid initial rise was supressed in both 
AVP and OT neurones, and the decay after the K+ stimulus was slower for both cellular 
56 
  
subtypes. A possible difference between the OT and AVP neurones was observed in control 
responses, where the initial overshoot was more distinctive and more typical for the AVP 
neurones.  
 
Figure 4.9: The effect of manipulation with caffeine-sensitive Ca2+ stores on K+-induced 
responses. Responses elicited by 50 mM K+ under control conditions (red line) are 
compared with responses obtained after treatment with CPA and/or caffeine (black line). 
The upper plots show responses in control conditions (red line) and after treatment with 
caffeine and CPA (ER blocked) from AVP neurones (panel A) and from OT neurones (panel 
B). The bottom panels compare control responses with responses after treatment with 
caffeine (ER empty) from AVP (panel C) and from OT (panel D) neurones. All the displayed 
[Ca2+]i responses are averaged transients obtained from n = 5 different neurones; the grey 
shading around the lines indicates the standard error of the mean. The inner plots display 




The modified experiment according to protocol C (details in section 3.5.1 of 
methods) with the exclusion of CPA was repeated for n = 5 AVP and n = 5 OT neurones. 
The application of caffeine was aimed to cause a depletion of the ER, while the exclusion 
of CPA left the SERCA pump functioning. The averaged responses are plotted in figure 
4.9C for AVP neurones and for OT neurones (figure 4.9D). The results clearly show a 
significant attenuation of the response to K+ after the caffeine treatment (red line) compared 
with the control responses (black line) for both AVP and OT neurones. On the other hand, 
the decay phase to the resting level did not change visibly. The attenuation in panels C, D 
is even stronger compared with responses in panels A and B, where CPA was additionally 
used. It indicates that the ER was not only excluded from the response as an additional 
source of Ca2+, but it functioned as a sink of Ca2+ that caused the stronger attenuation of 
the response by rapid re-accumulation of Ca2+ into ER.  
4.2.3 Separation of the Ca2+ fluxes 
Several different Ca2+ fluxes are involved in the depolarization-induced [Ca2+]i elevation: 
here we categorize them as plasmatic membrane crossing fluxes and as intracellular Ca2+ 
fluxes. The plasmatic membrane crossing fluxes are represented by an influx of Ca2+ from 
the extracellular space into cytosol (Jin) and by a Ca
2+ efflux with the opposite direction 
responsible for the removal of Ca2+ from cytosol back to the extracellular space (Jout). The 
intracellular fluxes incorporate the exchange of Ca2 between intracellular Ca2+ stores, 
represented by ER, and cytosol. We further divide them into two fluxes by their primary 
direction: the uptake of Ca2+ into the ER (Jserca) and the release of Ca
2+ from the ER to 
cytosol (Jer). The fluxes are illustrated in a schematic diagram in figure 1.7. Using a Ca
2+ 
imaging technique, based on the fluorescent dye Fura-2, permits us to measure the 
instantaneous Ca2+ concentration in cytosol, which is the main pool of free Ca2+ shared by 
all the mentioned Ca2+ fluxes. To separate the individual Ca2+ fluxes and get an insight into 
the depolarization-induced Ca2+ dynamics, we use the estimation approach described in 
methods (see section 3.5.2). 
4.2.4 Determination of the Ca2+ clearance function 
To estimate the function that describes the clearance rate as a function of [Ca2+]i, we use 
responses recorded under the condition with blocked ER fluxes (figure 4.9A–B). The rising 
phase the response in this condition is optimally the result of the summed fluxes Jin and Jout 
58 
  
that coexist during the K+ stimulus (the Jer and Jserca fluxes are pharmacologically excluded). 
As the Jin terminates with the end of the K
+ stimulus, the decay phase is quickly dominated 
by the outward flux and can be used as a good approximation for an estimation of the 
clearance flux Jout. To extrapolate the dependency of the clearance rate on [Ca
2+]i, we fit 
the decay phase of the averaged responses with a double-exponential curve according to 
the approach introduced in methods, section 3.5.3. The fitted exponential curves (dashed 
red line) are plotted in figure 4.10A for AVP neurones and in figure 4.10B for OT neurones. 
Parameters of the obtained exponential fitting are inserted directly in the plot. The fitted 
decay is then expressed as the function of [Ca2+]i and plotted as the clearance rate Jout 
against the [Ca2+]i (figure 4.10C) separately for AVP neurones (black line) and for OT 
neurones (red line). The estimated clearance rate for AVP neurones (figure 4.10C, black 
line) is for clarity compared in figure 4.10D with the decay rate obtained under control 
conditions. A comparison of the estimated clearance rates between AVP and OT neurone 
subtypes in figure 4.10C does not show any difference in their Ca2+ clearance ability. It 
indicates that extrusion mechanisms work similarly in both subtypes, and possible 
differences in Ca2+ dynamics must be carried by other mechanisms. The estimated 
clearance functions Jout([Ca





Figure 4.10: An estimation of the clearance function Jout. K
+-induced [Ca2+]i responses 
were recorded under the condition with the blocked ER (depleted ER and inhibited SERCA 
pump). An averaged response from n = 5 neurones was calculated, and the decay phase of 
the responses was fitted with a double-exponential function. A) A fitted exponential decay 
of the averaged response from AVP neurones and panel B) from OT neurones. C) The fitted 
exponential decay rates are plotted against [Ca2+]i for AVP (black line) and OT neurones 
(red line). D) An estimated clearance function of AVP neurones (blocked ER, red line) is 
compared with the decay rate obtained by fitting to the declining phase of responses 
recorded from same group of n = 5 neurones under control conditions. 
4.2.5 Determination of the depolarization-induced Ca2+ influx 
To separate the Jin flux from the K
+-induced responses, we use the approach introduced in 
the method section 3.5.2. The estimation procedure for AVP neurones is captured in figure 
4.11. Panel A displays an averaged K+-induced [Ca2+]i (ci) response from figure 4.10A, for 
which we have already determined the clearance function Jout(ci) in section 4.2.4. The 
known clearance function was used to calculate the clearance rate for each time point of 
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the response and plotted in panel B (red line) in time domain as Jout(t). The black line in 
panel B shows the derivative dci/dt of the trace from panel A calculated with respect to 
time. To calculate the Jin(t) flux, we simply subtracted the estimated Jout(t) from the 
derivative dci/dt(t) as 
Jin(t) = dci/dt(t) – Jout(t) (3). 
The estimated Jin(t) flux is plotted in panel C (figure 4.11): the roughly rectangular 
shape of the Jin(t) flux correlates with the exposure to K
+, indicated by a bar above the trace 
in panel A. In summary, a depolarization of 50 mM K+ in AVP neurones elicited a flux at 
a rate of approximately 30 nM/s, which remained stable for the whole duration of the 
exposure. Similar results as for AVP neurones were achieved also for OT neurones (figure 
4.12). The depolarization-induced influx Jin(t) does not visibly change in time, and its fast 
rising and declining edges (compared with the relatively slow Ca2+ dynamics) indicate that 
the Jin flux is exclusively triggered by the depolarization in an “on/off” manner. The 
blocking of intracellular fluxes caused an attenuation of the responses, but it also led to a 








Figure 4.11: A determination of the depolarization-induced Ca2+ influx in AVP neurones. 
A) An averaged response from n = 5 AVP neurones measured after a pharmacological 
blocking of the intracellular Ca2+ fluxes. B) A derivative of the trace from panel A with 
respect to time. C) The red trace is the clearance rate Jout(t) calculated for each time point 
of the trace in panel A. Finally, the black trace in panel C is the estimated Jin flux calculated 





Figure 4.12: A determination of the depolarization-induced Ca2+ influx in OT neurones. A) 
An averaged response from n = 5 OT neurones measured after a pharmacological blocking 
of the intracellular Ca2+ fluxes. B) A derivative of the trace from panel A with respect to 
time. C) The red trace is the clearance rate Jout(t) calculated for each time point of the trace 
in panel A. Finally, the black trace in panel C is the estimated Jin flux calculated by 





4.2.6 Determination of the net Ca2+ fluxes of the ER 
In figure 4.11 and figure 4.12, we analysed K+-induced [Ca2+]i responses obtained under 
conditions with the blocked ER. These analyses resulted in the estimated flux Jin(t). The 
same approach was applied in figure 4.13 on responses obtained in control conditions with 
the ER normally functioning. The trace in figure 4.13, panel A, is an averaged control 
response to 50 mM K+, and panel B shows a derivative (black line) of this trace calculated 
with respect to time. The derivative has (compared with the derivative in figure 4.11B) a 
robust peak of maximum rate in the very beginning. This peak reflects the fast rising phase 
of [Ca2+]i which was not presented in the ER-blocked response and confirms a prominent 
contribution of the intracellular stores in the shaping of the depolarization-induced 
responses.  
The responses in figure 4.11A (ER blocked) and in figure 4.13A (control) were 
obtained in the same AVP neurones, and the clearance function Jout(ci) for them was already 
estimated in figure 4.10C (black line). Thus, here we use the known Jout(ci) to calculate the 
clearance rate Jout(t) also for the control trace in figure 4.13A. The obtained flux Jout(t) is 
plotted below in figure 4.13B (red line) together with the derivative dci/dt(t).  
In figure 4.11C, the known clearance rate Jout(t) was used to calculate the Ca
2+ flux 
Jin(t) by subtraction of the Jout(t) from the derivative dci/dt(t) according to eq. 3 (section 
3.5.2). The same calculation was performed for the control response, and the result in figure 
4.13C reveals two components of the [Ca2+]i elevation: a rapid component lasting only 
about 5 seconds, which is accompanied by a smaller but sustained component of about 30 
mM/s that lasts for the whole duration of the transient. The smaller component finally drops 
with a visible flick below the zero value after the end of the depolarization stimulus. This 
is in contrast with the estimated Jin flux in figure 4.11C, which has a simple rectangular 
shape. The difference reflects the fact that while in figure 4.11C, the calculated result 
represents the single depolarization-induced flux Jin(t) (ER fluxes are supressed), the result 
obtained in figure 4.13C comes out from a combination of the three remaining fluxes Jin, 
Jer and Jserca.  
Panels A, B and C in figure 4.13 display analyses of the data from AVP neurones, 
and similar results were achieved also for OT neurones (figure 4.13D–F). As has been 
mentioned earlier in this work, both AVP and OT neurones behaved similarly in 
experiments on the depolarization-induced [Ca2+]i responses. The only difference was 
64 
  
observed for the appearance of the initial overshoot, which was more typical for AVP 
neurones. Figure 4.13 supports this observation in panel B vs. panel E, where the maximum 
rate was slightly higher for AVP neurones. This hypothesis is generally in agreement with 
our earlier observations, yet it needs more evidence. 
 
  
Figure 4.13: Analyses of control K+-induced Ca2+ responses. A) An averaged response to 
50 mM K+ from n = 5 AVP neurones. B) A derivative of the trace from panel A with respect 
to time (black line) and the clearance rate Jout(ci) (red line) calculated for each time point 
of the trace in panel A. C) Jout(t) subtracted from the derivative dci/dt(t) from panel B; after 
the subtraction of the flux Jout, the plotted rate J represents a combination of the remaining 







The results of the analyses from figure 4.11, figure 4.12 and figure 4.13 are 
summarized in figure 4.14. Panel A (AVP neurones) and panel D (OT neurones) show a 
comparison of the responses in control conditions (black line) and in conditions with the 
blocked ER (red line). Panels B and E show the results of the analyses for both cases; the 
blue area represents the component Jin(t) from figure 4.11C, and the green area represents 
the combination of Jin(t), Jer(t) and Jserca(t) from figure 4.13C. The overlay of the green and 
blue areas clearly illustrates that the rapid component is presented only in the response with 
the functioning ER (green area), while the slow component is shared by both traces. To 
enhance the difference between the two results, we subtracted the blue area from the green 
one. This operation reduces the trace represented by the blue area into a combination of the 
two intracellular fluxes Jer and Jserca. Because these fluxes have an opposite direction, the 
final flux represents the net flux across the ER membrane ΔJer(t): 
ΔJer(t) = Jer(t) – Jserca(t). [eq. 4] 
By this action, one by one, we subtracted the Jin(t) and Jout(t) fluxes from the control 
response and thus eliminated the plasmatic membrane crossing fluxes. The result of the 
subtraction is plotted in panel C for AVP neurones and in panel F for OT neurones. We see 
a rapid peak followed by a zero net flux, and finally the trace ends with a small negative 
flux indicating the domination of the Ca2+ flux into the ER over the release of Ca2+ from 










Figure 4.14: A determination of the net intracellular Ca2+ fluxes during the K+-induced 
Ca2+ response. A): A 50K+-induced [Ca2+]i response from AVP neurones in control (black 
line) conditions and in conditions with the blocked ER (red line). Both traces are averaged 
responses from n = 5 AVP neurones. D), E) and F) are equivalent results obtained for OT 
neurones. 
4.2.7 Depletion of Ca2+ stores strongly attenuates induced [Ca2+]i responses 
In figure 4.9, we analysed [Ca2+]i responses measured in neurones where we artificially 
depleted the ER Ca2+ stores using caffeine pre-treatment prior to an exposure to 50 mM K+. 
To emphasize how a filling state of the ER modulates the Ca2+ dynamics, we plotted results 
from all three situations (control, ER blocked, ER empty) together in figure 4.15. The 
response obtained after depletion of ER (blue line) is shown together with the responses 
obtained in control conditions (black line) and in conditions with completely blocked ER 
fluxes (red line). Note that contrary to all previous results, where we compared only 
responses measured in the same neurones, in figure 4.15, we compare data obtained from 
different groups of neurones. Nevertheless, all traces are averaged responses from n = 5 
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neurones, and even though the data are not feasible to make precise analyses, we can get 
an illustrative view of the range of Ca2+ dynamics modulation by the filling state of the ER. 
The difference in all the three responses is most prominent for the rate of the rising [Ca2+]i 
towards the maximum amplitude. While in the case of the control response, the maximum 
rate reaches about 180 nM/s, in the case of the response with the depleted ER, the maximum 
rate reaches only about 12 nM/s. If we consider that the estimated rate of Jin for 50 mM K
+ 
stimuli was about 30 nM/s (figure 4.11C and figure 4.12C), we can easily calculate that the 
depleted ER removes Ca2+ during depolarization by a rate of about -18 nM/s and causes an 
attenuation of the overall [Ca2+]i rise to the indicated 12 nM/s. This declares a very wide 
range of depolarization-induced Ca2+ dynamics in MNCs.  
 
  
Figure 4.15: A comparison of control K+-induced [Ca2+]i responses with responses 
obtained after a pharmacological manipulation with the ER. Responses obtained in control 
conditions (black line), in conditions with depleted and blocked ER by a combination of 
caffeine and CPA (red line) and in conditions with the ER depleted just by caffeine (blue 
line). A): Traces averaged from n = 5 AVP neurones. B): Traces averaged from n = 5 OT 
neurones.  
These results, however, were obtained after an artificial manipulation with the 
intracellular Ca2+ stores with the aim to force the ER depletion and thus may not be the 
perfect representative example in terms of the natural ability of the MNCs to regulate their 
responses. For further evaluation, we recorded responses where no pharmacological 
treatment was used, and the amplitude adaptation was only a result of a repeated exposure 
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to depolarization. An example of such measurement is in figure 4.7. In this case, we 
recorded responses with a range of maximum rate from 50 nM/s (for the last response of 
the train) to 500 nM/s (for the initial one). All the responses in the train were elicited by 
the same strength of depolarization (50 mM K+), and no ER-targeting drugs were used. This 
clearly shows that the ability of adaptation rises from the intrinsic properties of the 






4.3 Physiology of spontaneous [Ca2+]i oscillations  
In this section, we studied spontaneous [Ca2+]i oscillations of the SON AVP and OT 
neurones in an isolated condition. We have analysed how these oscillations are affected by 
the physiological state of the animal (dehydration, lactation) and by an exposure to 
extracellular stimuli (osmotic change, activation of autocrine signals by an extracellular 
application of AVP). We studied [Ca2+]i dynamics in unidentified SON neurones from wild 
type adult male and virgin Wistar rats and in identified neurones from transgenic rats 
expressing i) an arginine vasopressin (AVP)-enhanced green fluorescent protein (AVP-
eGFP) (Ueta, Fujihara et al. 2005), ii) an oxytocin-monomeric red fluorescent protein 1 
(OT-mRFP1) and iii) double transgenic rats bearing both AVP-eGFP and OT-mRFP1 to 
visualize both AVP and OT neurones in the same animal (Ueta, Dayanithi et al. 2011, 
Dayanithi, Forostyak et al. 2012). The results presented in this section have been published 
separately as (Kortus, Srinivasan et al. 2016) and are available in full form in appendix 
B.II. 
4.3.1 General features of the [Ca2+]i oscillations in SON neurones  
We observed spontaneous [Ca2+]i oscillations in 79 out of 112 unidentified neurones (71%). 
Among identified neurones, 12 out of 15 AVP cells (80%) and 9 out of 15 OT cells (60%) 
exhibited oscillations. figure 4.16 shows a typical example of [Ca2+]i oscillation in an 
identified OT-mRFP1 neurone (panel A) and in AVP-eGFP neurone (panel B).  
 
Figure 4.16: Representative traces of spontaneous [Ca2+]i oscillations recorded under 
normal condition in identified OT neurone (A) and AVP neurone (B).  
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For each spontaneous oscillation trace, we computed the four basic parameters 
defined in section 3.4 of methods. We then evaluated if these parameter values differed 
among the three cell groups (unidentified, AVP and OT). No statistically significant 
difference was found (assessed by unpaired t-test). This primarily reflects the large 
variability among the oscillation traces within each cell group.  
The pattern of [Ca2+]i oscillations was highly heterogeneous and can be qualitatively 
classified into the following three types. The type I pattern is characterized by Ca2+ events 
of regular amplitude and frequency (figure 4.17A); type II consists of irregular events that 
frequently overlap and form bursts (figure 4.17B); type III contains of oscillations of high 
frequency, during which [Ca2+]i remains continually elevated above the baseline level 
(figure 4.17C). We visually examined the [Ca2+]i traces recorded in 79 unidentified 
neurones and classified them, based on the qualitative criteria stated above. Type I activity 
was observed in 29 cells, type II in 34, and type III in 16 cells.  
As we observed that the pattern of oscillation often changed when an external 
stimulus was presented (see following subsections), we sought a simple quantitative 
classifier that would allow us to systematically express such pattern changes. The frequency 
or amplitude of the oscillation peaks could not be used for this purpose, as these parameters 
become ill-defined for irregular oscillations (figure 4.17C). We found, however, that the 
skewness of the distribution of [Ca2+]i values permits distinguishing the basic oscillation 
patterns. As shown in figure 4.17D-F, the distribution of the [Ca2+]i values within the trace 
has a highly asymmetrical shape in case of the oscillation pattern of Type I (as in figure 
4.17A), moderately asymmetrical for the Type II pattern (as in figure 4.17B), and 
symmetrical for the Type III pattern (as in figure 4.17C). The strong asymmetry of the 
distribution in type I arises from the shape of the stereotypical oscillation peaks: a fast rise 
in [Ca2+]i followed by a slower, exponential decay. Correspondingly, the distribution of 
[Ca2+]i values is approximately exponential, with skewness value 𝛾 = 1.83 in the example 
in figure 4.17D. In type II, the irregular parts of the oscillation result in a nonexponential 
tail in the distribution and a lower skewness (𝛾 = 0.93, figure 4.17E). Finally in type III, 
the fast deviations up and down from the mean [Ca2+]i level result in an approximately 
symmetrical distribution with nearly zero skewness (𝛾 = 0.23 in figure 4.17F). figure 
4.17G shows the range of skewness values in the neurones of each type, where the type 
was determined by visual examination of the trace as discussed above. As these ranges have 
low overlap, the skewness can be used as a quantitative classifier, replacing the qualitative 
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visual inspection. In the following, we consider traces with skewness above 1.52 as Type 
I, between 1.52 and 0.43 as Type II, and below 0.43 as Type III.  
 
Figure 4.17: A-C show representative traces from AVP-eGFP neurones in normal 
condition, and correspond to oscillations of type I, II, and III, respectively (see main text). 
D-F show the corresponding histograms of [Ca2+]i values recorded in the traces located 
above the histograms. (G) Range of skewness values (showed as standard box plot) in 
oscillation traces of the indicated type. (H) Control plot showing the difference of skewness 
in 2nd half and 1st half of [Ca2+]i trace recorded in normal conditions (compare with figure 
4.18C, D and figure 4.20C). 
4.3.2 Effect of osmolarity on spontaneous [Ca2+]i oscillations 
To evaluate the effect of osmolarity, [Ca2+]i dynamics in oscillating neurones was 
monitored for 300 sec in NL with a standard osmolarity of 295-300 mOsmol/l. Then the 
perfusion solution was switched to either hypo-osmotic (275 mOsmol/l) or hyper-osmotic 
(325 mOsmol/l) solution and [Ca2+]i dynamics was monitored for another 300 sec. 
Representative examples of oscillating neurones subjected to hyper- (A) or to hypo- (B) 
osmotic stimuli are shown in figure 4.18.  
For each neurone, we calculated the four basic trace parameters (for details see 
section 3.4), and evaluated if the change in these parameters in normal vs. hypo- or hyper 
osmolarity condition was statistically significant (using the paired t-test as described in 
section 3.4.2). The results are summarized in figure 4.19. For neurones exposed to hypo-
osmotic solution (n = 20) we recorded a significant decrease in mean [Ca2+]i level (22.8 ± 
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5.0 nM, p-value 0.01) and in the spread SDCa of [Ca
2+]i within the trace segment (28.3 ± 
8.0 nM, p-value 0.02). The other two evaluated parameters, the [Ca2+]i baseline and the 
skewness of the [Ca2+]i distribution, did not change significantly (p = 0.82 and 0.08). For 
neurones exposed to hyper-osmotic solution (n = 48), the increase of mean [Ca2+]i level 
was 11.8 ± 5.1 nM and the increase of SDCa was 7.0 ± 3.7 nM. Similarly, the hypo-osmotic 
case, these changes were statistically significant (with p-value 0.02), while the changes in 
baseline and skewness were not (p = 0.1 and 0.9). 
Even though the change in skewness was not significant when averaged over all 
neurones in the group, we did observe significant trends when the initial state of the neurone 
(i.e., the state in the normal osmotic condition) was taken into account. The skewness of 
the [Ca2+]i distribution tends to increase in neurones that had low initial value of skewness, 
and to decrease in neurones that had high initial skewness (figure 4.18). This observation 
is valid for both hyper- (figure 4.18C) and hypo- (figure 4.18D) osmotic stimuli. To 
summarize, exposure to an osmotic stimulus tends to make [Ca2+]i activity more regular, 
bringing the oscillation into a type II pattern (intermediate range of skewness values, 
marked in yellow in figure 4.18C, D). 
 
Figure 4.18: Effect of osmotic change on [Ca2+]i oscillations. (A, B): The [Ca
2+]i trace 
from neurones subjected to A: hypertonic solution (325 mOsmol/l; bar), B: hypotonic 
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solution (275 mOsmol/l; bar). (C, D) Change in skewness resulting from exposure to tonic 
solution, plotted as function of initial skewness (before exposure). C: hypertonic, D: 
hypotonic solution.  
 
Figure 4.19: Modulatory effect of AVP and osmolarity on [Ca2+]i oscillations. The four 
panels show, for each evaluated [Ca2+]i trace parameter, the change in its value following 
the application of the specified stimulus (hyper-osmolar, hypo-osmolar, AVP). The 
respective numbers of measured neurones are: hyper-osmolar, n = 48; hypo-osmolar, n = 
20; AVP, n = 31. Panel A) shows the change in [Ca2+]i baseline, B) in mean [Ca
2+]i level, 
C) in spread (SD) of [Ca2+]i within the trace, and D) in skewness of the [Ca
2+]i distribution. 
The bars show the mean value of the parameter change and the respective standard error 
of the mean. Statistical significance is indicated as: * for p-value < 0.05; ** for p < 0.01, 
and *** for p< 0.001 (paired t-test). In the column marked “Control”, the panels show the 
differences between the first and second half of a [Ca2+]i trace, with the entire trace 




4.3.3 Effect of AVP on [Ca2+]i oscillations 
We tested the response of 28 oscillating neurones to 1 µM AVP. In each neurone, we 
compared the oscillations before and after application AVP; the results are summarized in 
figure 4.19. In majority of neurones the AVP had an obvious enhancing effect on the 
oscillation (for an example, see figure 4.20A). While SDCa of [Ca
2+]i for the trace did not 
change (figure 4.19C), AVP caused a highly significant increase (p = 0.0003) of the mean 
[Ca2+]i level with average change of 31.0 ± 7.5 nM and a highly significant increase (p = 
0.0002) of [Ca2+]i baseline with an average change of 13.4 ± 3.2 nM. In addition, AVP 
elicited very significant (p = 0.001) negative change in the skewness of the [Ca2+]i 
distribution giving a strong average decrease of 1.26 ± 0.27. When the initial skewness was 
in the intermediate range (type II oscillation), it was only weakly affected by AVP, while 
in neurones with high initial skewness (type III), AVP typically prompted a switch to type 
II oscillatory behaviour (figure 4.20C). Beside the effect on oscillating neurones, in some 
cases (n = 5) AVP triggered oscillations in silent neurone (example in figure 4.20B) and in 
one case, the AVP attenuated the oscillations (figure not shown). These results mainly 
indicate a strong enhancing effect of the AVP on [Ca2+]i oscillations in magnocellular 
neurones. These AVP effects on oscillations were mimicked by the specific AVP-V1a 
receptor agonist (Gouzenes, Sabatier et al. 1999). 
 
Figure 4.20: Trace A represents spontaneous Ca2+ oscillations observed in SON neurone. 
The same neurone was subjected to 1 M AVP (shown in bar). Trace B is an example of a 
silent and non-oscillating neurone to which 1M AVP was applied and triggered 
oscillation. C: Change of the skewness introduced by application of AVP plotted as a 
function of initial skewness. Indexed areas correspond to oscillatory types (left - type III, 
middle - type II, right - type I) introduced in figure 4.17. Majority of neurones display 
decrease in skewness corresponding to higher activity.  
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4.3.4 [Ca2+]i oscillations in neurones from dehydrated or lactating rats 
Three groups of animals were prepared. In the control group, the rats were maintained 
under normal conditions (see Methods in section 3.1) with unlimited access to water. In 
two other groups, the animals were deprived of water for 3- day and 5- day, respectively. 
In neurones obtained from 3-day dehydrated rats 18 of 20 cells were spontaneously 
oscillating. In neurones isolated from 5-day dehydrated rats 9 of 10 neurones were 
continuously oscillating. The percentages of the spontaneously oscillating neurones form 
both 3-day and 5-day dehydration animals were 90%, as compared with 71% in the control 
group of unidentified neurones (section 4.3.1). The pattern of oscillations obtained from 
dehydrated rats was not different from oscillations in normal conditions and none of the 
four trace parameters exhibited statistically significant differences among these groups 
(unpaired t-test).  
We also measured the [Ca2+]i oscillations in identified OT-mRFP1 neurones from 3 
to 5-day-lactating rats (figure 4.21). The number of oscillating neurones isolated from 
lactating animals was 18 of 23 recorded cells.  
 
Figure 4.21: Traces of spontaneous [Ca2+]i oscillations recorded in neurone obtained from 









5 Discussion and conclusions 
The following section is intended to interpret the results introduced earlier in this work and 
discuss them on the background of recent studies of the magnocellular neurosecretory 
system in literature. The structure of the discussion will follow the outline of the 
introduction and the results section of this work. First, we will discuss the results 
concerning mechanisms underlying the spontaneous Ca2+ oscillations from section 4.1 and 
mechanisms underlying the induced [Ca2+]i responses from section 4.2. In a separate 
section, we will also discuss the properties of the spontaneous Ca2+ oscillations with a focus 
on the possible physiological consequences on the regulation of OT and AVP secretion. 
Finally, we will summarize the most important results and propose hypothetical 
conclusions of this work.  
5.1 Mechanisms of spontaneous [Ca2+]i oscillations 
In the result section 4.1, we performed an extensive screening of the contribution of the 
plasmalemmal Ca2+ and Na+ ion channels, the Na+/Ca2+ exchanger (NCX), the intracellular 
Ca2+ release channels (IPRs and RyRs), the Ca2+ storage organelles and the plasma 
membrane Ca2+ pump to the spontaneous [Ca2+]i oscillations. In excitatory cells, an influx 
of extracellular Ca2+ occurs typically in response to an electrical activity which depolarizes 
the membrane, opens the VGCCs and provides an influx of the extracellular Ca2+ (Berridge 
2005). A similar situation occurs in the magnocellular neurones, where action potentials 
directly activate the Ca2+ entry (Roper, Callaway et al. 2003). However, in terms of 
spontaneous [Ca2+]i activity, our experiments show that the inhibition of electrical activity 
with tetrodotoxin (TTX) did not affect the spontaneous [Ca2+]i oscillations, indicating that 
the electrical activity and the spontaneous [Ca2+]i oscillations are separate. Such 
dissociation of electrical activity and spontaneous [Ca2+]i oscillations suggests an existence 
of a specific pacemaker behind the oscillations.   
Besides the lack of effect of a direct suppression of action potentials with TTX, the 
spontaneous [Ca2+]i oscillations in SON neurones were effectively inhibited by the removal 
of extracellular Na+ (figure 4.4B). The very same inhibition was achieved by KB-R7943 
(figure 4.4C), a specific inhibitor of the reverse mode of the Na+/Ca2+ exchanger (NCX). 
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The theoretical reversal potential of the exchanger in SON neurones (at a resting level of 
[Ca2+]i = 130 nM, [Na
+]i = 10 mM, [Na
+]o = 140 mM) is about -45 to -50 mV. Thus, 
considering the resting membrane potential of MNCs of about -65 mV (Armstrong 1995), 
a moderate depolarization is capable to reverse the NCX operation and possibly cause the 
inhibition of the oscillations, as we have observed (figure 4.4). In the reverse mode, the 
NCX provides Ca2+ entry, which logically contributes to the observed Ca2+ oscillations. 
The involvement of the extracellular Ca2+ via the NCX is in contrast to numerous examples 
of spontaneous [Ca2+]i dynamics originating from the Ca
2+ release from the endoplasmic 
reticulum (Kawano, Otsu et al. 2003, Sneyd, Tsaneva-Atanasova et al. 2004, Verkhratsky 
2005). In SON neurones, the involvement of the endoplasmic reticulum (ER) does not seem 
to be the case. Beside the temporal distortion of the oscillations in few neurones, targeting 
the ER using TG, CPA, ryanodine or caffeine failed to affect the [Ca2+]i oscillations (figure 
4.5). Caffeine has a double action of the ER activating the RyRs and effectively inhibiting 
the InsP3 receptors (Wakui, Osipchuk et al. 1990, Bezprozvanny, Bezprozvannaya et al. 
1994); TG and CPA effectively inhibit the function of the ER SERCA pump. Nevertheless, 
the role of the ER is questionable; we have proved that the repetitive release of Ca2+ from 
the ER is not required for the oscillations; however, we have also showed that the ER plays 
a critical role in repeated depolarization induced [Ca2+]i responses (results in section 4.2.7). 
Based on the temporal distortion of the oscillations by the ER-targeting drugs, it is possible 
that the ER plays a modulatory function in contribution to the [Ca2+]i oscillations. 
The absence of inhibitory effect of ER-targeting drugs on the spontaneous [Ca2+]i 
oscillations argues against the role of the ER Ca2+ release as the main source of Ca2+. At 
the same time, the removal of the extracellular Ca2+ effectively blocked the spontaneous 
[Ca2+]i dynamics and strongly indicates the importance of extracellular Ca
2+ for the 
oscillations. The NCX, however, is not the only mechanism for Ca2+ delivery associated 
with the spontaneous [Ca2+]i activity of SON neurones. Our screening of the VGCCs 
indicates that the [Ca2+]i oscillations appear to be specifically associated with the R-type 
VGCCs. Treatment with a selective blocker of R-type channels, SNX-482, reversibly 
inhibited the [Ca2+]i oscillations in a concentration-dependent manner (figure 4.3). A 
pharmacological screening of an inhibition of the other VGCCs (T, L, N and P/Q types) 
showed no visible effect on the oscillations. Similarly, an inhibition of the intercellular 
second messenger cascades and plasmalemmal K+ channels did not affect the spontaneous 
[Ca2+]i activity either.  
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According to our results, we propose the three mechanisms of the R-type, the NCX 
and the PMCA as the mechanism directly involved in forming and maintaining the [Ca2+]i 
oscillations. This is supported by the fact that only a specific inhibition of these mechanisms 
inhibited the oscillations. The role of the NCX and the R-type Ca2+ channels is also 
supported (albeit indirectly) by the inhibitory action of GABA, which completely blocked 
the spontaneous [Ca2+]i dynamics (figure 4.6A). This action was mediated through GABA 
A receptors (as revealed by gabazine sensitivity) and most likely resulted from cell 
hyperpolarization (figure 4.6B). The latter, arguably, prevented the reversal of the NCX 
and the activation of the R-type Ca2+ channels. Involvement of other mechanisms, not 
covered in this study, is possible, as no theoretical model of [Ca2+]i oscillations based 
exclusively on these three mechanisms is known at present. 
5.2 Depolarization-induced [Ca2+]i elevations 
Responses to K+ depolarization have often been used as a tool for studying the cellular Ca2+ 
mechanisms in MNCs that require depolarization for their activation (Brethes, Dayanithi et 
al. 1987, Oliet and Bourque 1992, Sabatier, Richard et al. 1997, Ludwig, Sabatier et al. 
2002). The elevation of [Ca2+]i with high K
+ was described as strictly dose-dependent in 
MNCs (Sabatier, Richard et al. 1997, Dayanithi, Forostyak et al. 2012). In section 4.2, we 
studied the properties of depolarization-induced [Ca2+]i responses in isolated MNCs. A 
single prolonged 60-s exposure to 50 mM K+ evoked typical biphasic responses consisting 
of a rapid elevation, which formed an initial peak (overshoot), followed by a slow decrease 
until reaching a steady-state level. Finally, after the end of the depolarization stimulus, the 
[Ca2+]i quickly declined towards the basal level. The slow decay during the depolarization 
stimulus has been discussed earlier in (Komori, Tanaka et al. 2010), where it was attributed 
to the K+ channel desensitization. A random appearance of the initial overshoot was also 
mentioned and hypothesized to be specific for a subpopulation of MNCs, preferentially the 
AVP neurones. However, here we repeatedly observed the initial peak in both MNC 
subtypes, and the responses were not strictly dose dependent. In experiments with repeated 
exposures, the cells displayed a progressive degradation of the response amplitude, even 
though they were elicited by the same K+ stimulus (figure 4.7). The expectation of dose-
dependent responses was further tested by an exposure to a train of different K+ 
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concentrations (figure 4.8), clearly showing that MNC neurones do not keep their K+ dose-
dependency when challenged by repetitive depolarizations.  
Here we hypothesize that the response to high K+-induced depolarization in MNCs 
consists of two major components: a depolarization-dependent Ca2+ influx and a 
component of the intracellular Ca2+ release from the ER via the CICR mechanism which 
accompanies the influx and forms the initial peak. The appearance of the initial peak is then 
determined by the filling state of the ER, which gradually decreases during repeated 
responses and supresses or completely abolishes the appearance of the peak. 
Experimental support for these conclusions: 
1) The K+-induced [Ca2+]i responses are not strictly dose-dependent. MNCs do not 
preserve the dose-dependency after repeated K+ exposures (figure 4.8). 
2) The amplitude of [Ca2+]i elevations evoked by K+ depolarization degrades with 
repetitions but is effectively re-established after a sufficient break between two 
depolarization stimuli (figure 3.5A). It indicates a gradual depletion of the Ca2+ 
accumulated in the intracellular stores and its subsequent re-accumulation (figure 
4.7).  
3) The initial high [Ca2+]i peak is completely attenuated when the ER Ca2+ stores are 
depleted with caffeine and the SERCA uptake is blocked with CPA (figure 4.9A– 
B).  
4) The response is even more attenuated when the Ca2+ stores are depleted by caffeine, 
while the SERCA pump is left untouched. It indicates that part of the incoming Ca2+ 
is immediately stored to the emptied ER by the SERCA pump, causing the strong 
attenuation (figure 4.9C–D).  
5) The separation of the individual Ca2+ fluxes in figure 4.14 revealed two major Ca2+ 
income components: the low-rate steady Jin flux and the high-rate rapidly decaying 
Jer flux.  
6) The high-rate component Jer quickly decays, lasting only several seconds, and is 
completely abolished after treatment with caffeine and CPA. It provides strong 
evidence that the flux is driven by the release of Ca2+ from the ER. 
7) The low-rate component Jin is not affected by caffeine/CPA treatment, is 
exclusively associated with the presence of the depolarization stimulus and is stable 
during the whole duration of stimulus, showing no signs of channel desensitization.  
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These are reasonable grounds to assign the low-rate component to the 
depolarization-induced Ca2+ entry (Jin) and the high-rate component to the rapid Ca
2+ 
release from the ER (Jer). The combination of the two fluxes provides a better explanation 
of the slow decay during the stimulus than the K+ channel desensitization. The response 
starts with two fluxes and quickly reaches the maximum amplitude, then the rapid flux 
fatigues, and the [Ca2+]i starts to decay to reach a new steady level. The depolarization-
dependent Jin flux persists for the whole duration of the depolarization stimulus, and if we 
take into consideration the relatively slow dynamics of [Ca2+]i responses, we conclude that 
the Jin flux is triggered by the depolarization in an “on/off” manner.  
In terms of differences between OT and AVP neurones, as mentioned above, we 
have observed and recorded responses in identified OT and AVP neurones multiple times, 
and the initial overshoot was presented in both subtypes. The AVP and OT neurones also 
showed very similar behaviour under treatment by the ER-targeting drugs. The only 
possible difference was found in the maximum amplitude of the overshoot, which was, in 
our data, usually greater in AVP neurones. In the AVP neurones, the overshoot reached up 
to double of the [Ca2+]i level in the steady phase of the response. We have never recorded 
an overshoot of such intensity in an OT neurone. The results also show that the CICR 
mechanism in MNC neurones does not require the presence of caffeine, unlike some other 
cell types (Albrecht, Colegrove et al. 2001), and is triggered directly by a rapid rise of 
[Ca2+]i induced by the depolarization. 
The presented data clearly describe a very wide range of [Ca2+]i responses. The rate 
of response to the 50 mM K+ depolarization stimulus varied from 20 nM/s to 500 nM/s 
depending on the filling state of the ER. During the phasic activity in AVP neurones, the 
[Ca2+]i is elevated at a level of about 400–500 nM (Roper, Callaway et al. 2004). In the full 
ER condition, the cell can reach this level within 1 s, whereas when the store is depleted, 
the time rises to tens of seconds.  
As a possible consequence, these results strongly indicate that the [Ca2+]i responses 
of MNCs are highly dependent on the inner conditions of the cell, which in turn depend on 
its previous actions. The history of previous Ca2+ activity controls the initial overshoot 
pattern of the biphasic [Ca2+]i response and enables to act as a memory. The ER helps to 
achieve a higher concentration of [Ca2+]i, but it is able to remove Ca
2+ when depleted after 
an intense period of activity. The ER can accelerate the rise of [Ca2+]i by a rate of  >200 
nM/s when fully charged, and on the contrary, the depleted ER is able to temporarily 
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remove Ca2+ with a rate of about -20 nM/s. Such rate is very close to the estimated rate of 
the Jin flux for 50 mM K
+ (30 nM/s). By this mechanism, the MNCs can significantly delay 
the [Ca2+]i elevation and perhaps enable a protection against large sustained increases in 
[Ca2+]i. This not only plays an important role in the shaping of [Ca
2+]i signals, but the 
memory effect of the ER may also have a function in the regulation of AVP and OT release. 
The elevated [Ca2+]i causes hyperpolarization and works against the firing consecutive 
action potentials. Based on a previous study, the shift from silent/sporadic firing to bursting 
is not smooth but is rather a hard switch from one mode to another (MacGregor and Leng 
2012). The filled ER can work as a barrier that prevents the cell from randomly switching 
from silent/sporadic firing to the bursting mode. When only a few spikes are fired, the cell 
responds by a rapid elevation of [Ca2+]i and quickly suppresses the initiation of the burst. 
To effectively trigger the burst, the cell would require an intensive and prolonged afferent 
stimulation, which causes a depletion of the ER, attenuates the [Ca2+]i response, and, in 
turn, lets the cell switch to the bursting mode. 
The importance of intracellular Ca2+ stores has been previously shown for both OT 
and AVP neurones (Ludwig, Sabatier et al. 2002, Ludwig, Bull et al. 2005); the irreversible 
blocker of the SERCA completely disturbed the regulation of the hormone and resulted in 
overdone responses to K+ by the secretion of an extensively larger amount of the hormone. 
These and our present results point out the important role of the intracellular Ca2+ stores, 
yet the exact role in the regulation of MNCs needs to be explained. 
5.3 Physiological properties of [Ca2+]i oscillations 
Until now, we have discussed the properties of cellular mechanisms that are responsible for 
forming induced or spontaneous Ca2+ signals. In this part, we focus on the general 
characterization and physiological purpose of the spontaneous [Ca2+]i oscillations in 
MNCs. In results from section 0, we have reported a detailed analysis of the spontaneous 
[Ca2+]i oscillations observed on MNCs under a variety of physiological or 
pathophysiological conditions. We have tested how [Ca2+]i oscillations are affected during 
dehydration or lactation and how they are modulated by an exposure to extracellular stimuli 
mimicking osmotic change or autocrine stimulation by AVP.  
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Spontaneous [Ca2+]i oscillations exhibited a wide range of patterns, ranging from regular 
oscillations with stereotypical [Ca2+]i peaks to irregular fast oscillations (figure 4.17 in 
section 4.3.1). The heterogeneous character of the oscillations did not permit a consistent 
characterization by frequency and amplitude. Instead, we relied on a combination of four 
quantitative parameters: the [Ca2+]i baseline, the mean [Ca
2+]i elevation, the spread 
(standard deviation) of [Ca2+]i values and the skewness of the [Ca
2+]i distribution (details 
in section 3.4 of the methods).  
In our experiments, the majority of AVP neurones (>70%) and some OT neurones 
(>50%) were oscillatory, in the OT neurones of lactating female rats, the number of 
oscillating neurones rose (up to 80–90%) and equalled the number of the AVP oscillating 
neurones. This may indicate that the OT neurones undergo changes that activate Ca2+ 
mechanisms behind the oscillations. However, further experiments are necessary to identify 
whether spontaneous [Ca2+]i oscillations of OT neurones play a regulatory role during 
lactation. The effects of dehydration on AVP and OT neuronal activity, as well as on the 
release of AVP and OT at the level of the soma and the neurohypophysis, have been widely 
discussed (Knight, Ji et al. 2010, Trudel and Bourque 2012). We have found that almost all 
MNCs preserved their ability to display [Ca2+]i oscillations during 3–5 days of dehydration 
and that the proportion of oscillating neurones reached 90%. This observation is consistent 
with the need to have more AVP released both at the soma and at nerve terminals; and 
therefore, to increase the plasma AVP level to fulfil the physiological demands. 
The osmosensitivity of isolated MNCs and their behaviour under osmotic change 
are already known; notably, the electrical activity of AVP neurones acutely isolated from 
the rat supraoptic nucleus is increased by hypertonicity and inhibited by hypotonicity in the 
absence of neighbouring glial cells and without any synaptic connectivity (Oliet and 
Bourque 1992, Trudel and Bourque 2012). Hypertonic stimuli excite the cells by increasing 
the activity of non-selective cation channels, thus causing membrane depolarization, 
whereas hypo-osmotic solutions inhibit AVP neurones through a hyperpolarization caused 
by a reduction in the basal activity of the non-selective cation channels. In terms of Ca2+ 
signalling, we report that a majority of MNCs were sensitive to osmotic changes, 
suggesting that both AVP and OT neurones employ Ca2+ signals for osmoregulation. We 
have found that both hypo- and hyper-osmolarity changed the mean [Ca2+]i, the elevation 
as well as the amplitude of the oscillations expressed as variations around this mean (i.e., 
the SD of [Ca2+]i in the traces changed). 
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Another aspect of our study was in examining the various effects of AVP on the 
spontaneous [Ca2+]i oscillations. In previous studies, using in vivo electrophysiology, the 
somato-dendritic release of AVP has been shown to modulate the electrical activity of 
magnocellular neurones (Moos, Rossi et al. 1997, Moos, Gouzenes et al. 1998). Here we 
have demonstrated that [Ca2+]i oscillations observed in AVP neurones similarly display 
several patterns, and AVP modulated these oscillations in an excitatory manner: in silent 
neurones, AVP triggered the oscillations; in oscillating neurones, AVP intensified these 
oscillations (figure 4.20).  
The excitatory effect of AVP was, however, different from a similar effect 
introduced by acute hyper-osmotic stimuli. Both AVP and osmotic stimuli modulated the 
mean [Ca2+]i level of the oscillations: AVP and hyper-osmotic stimuli elevated the mean 
[Ca2+]i, hypo-osmolarity decreased it (figure 4.19B). For osmolarity, the change in mean 
[Ca2+]i was caused by a change in the amplitude of the oscillatory peaks represented by the 
standard deviation of the trace (figure 4.19C). In the case of AVP, the amplitude was not 
changed, and the elevation of the [Ca2+]i mean level was caused by an overall elevation of 
the baseline of the oscillatory pattern (figure 4.19A). Besides the effect on the baseline of 
the oscillations, AVP also significantly modified the pattern of the oscillations, captured by 
the skewness parameter of the [Ca2+]i traces (figure 4.19D). This indicates that the 
modulatory effect of somatic exposure to AVP or osmotic change involves different 
mechanisms and provides independent pathways in the regulation of the spontaneous 
[Ca2+]i activity of the MNCs. 
5.4 Conclusions 
Among all the discussed results, we would like to point out the most important conclusions 
of this thesis. We show that magnocellular AVP and OT neurones exhibit distinct 
spontaneous [Ca2+]i oscillations in an isolated state under various experimental conditions. 
These oscillations rise from an intrinsic mechanism that does not require action potentials 
or external pacing. The properties of the oscillations are shown to mimic their intrinsic 
electrical behaviour under physiological conditions such as osmotic change, dehydration 
and lactation. We demonstrate the ability of magnocellular neurones to sense osmolarity 
through the modulatory effect of acute osmotic change on the oscillation pattern. The 
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understanding of the autoregulatory mechanisms of AVP neurones, regulated by a peptide 
they synthesize on their own, is reinforced by the presented data. The effects of AVP and 
osmotic change on the [Ca2+]i oscillation pattern are summarized in the table in figure 5.1A.  
In terms of mechanisms underlying the spontaneous [Ca2+]i oscillations, we 
demonstrate that the oscillations in the MNCs are driven by the extracellular Ca2+ and 
require plasmalemmal R-type Ca2+ channels and the Na+/Ca2+ exchanger oscillation 
between forward and reverse modes and the plasmalemmal Ca2+ pump. Figure 5.1B 
schematically illustrates these Ca2+ transport mechanisms.  
 
Figure 5.1: An illustration of the thesis conclusions. A) The effect of osmolarity change 
(hypo, hyper) and exposure to AVP on the pattern of [Ca2+]i oscillations. The arrows 
indicate a significant change of the measured parameter from its control value. In general, 
the upward arrows stand for an excitatory effect, whereas the downward arrows stand for 
an inhibitory effect, and the horizontal bar indicates no change. For details, see the result 
in section 0. B) Mechanisms underlying spontaneous [Ca2+]i oscillations. This schematic 
diagram shows the Ca2+ transport mechanisms with highlights (red) of those that were 
identified as essential for the [Ca2+]i oscillations in the MNCs. C) Separated components 
that shape depolarization-induced [Ca2+]i responses in MNCs; the blue area represents a 
85 
  
sustained depolarization-induced Ca2+ influx, the green area is the rapid net release of 
Ca2+ from the ER.  
For induced activity, we show that [Ca2+]i elevations evoked by depolarization are 
strongly modulated by caffeine-sensitive stores of the ER. The ER have the ability to either 
amplify or attenuate the depolarization-induced [Ca2+]i elevation, depending on the filling 
state of the stores. Filled stores can amplify the response by a rapid release of Ca2+ and 
form the initial high peak of the [Ca2+]i elevation. The overall rate of [Ca
2+]i elevation is 
then given by a summation of two components: depolarization-evoked Ca2+ entry 
producing a sustained Ca2+ income over the whole duration of the depolarization stimulus 
and the Ca2+ release which lasts only several seconds and whose amplitude depends on the 
filling state of the stores. The two components are graphically illustrated in figure 5.1C. By 
this mechanism, the ER can act as a memory that modulates the activity of the cell based 
on its previous actions. In exceptional situations, the attenuation of the response happens 
when the stores are empty and actively absorb some of the incoming Ca2+. The empty stores 
then do not work as a source of Ca2+ but rather as a sink. Taken together, this work provides 
an extensive study of Ca2+ dynamics of the rat magnocellular neurones and stands as a 
motivation for further in vivo studies combining Ca2+ and electrical dynamics with 
mathematical analyses, that will become even more important in understanding of such 
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Figure 1.1: Illustration of a coronal section of the rat hypothalamus.  
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Figure 1.2: Detail of immunostained coronal section of the rat hypothalamus.  
Copied from: (Brown, Bains et al. 2013).  
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Figure 1.5: Firing patterns in magnocellular vasopressin (A–D) and oxytocin (E) 
cells in vivo.  
Copied from: (Brown, Bains et al. 2013). 
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Figure 1.6: Spike afterpotentials in MNCs 
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Figure 1.7: A diagram of major fluxes involved in the control of cytoplasmic Ca2+ 
concentration.  
Adapted from: (Keener and Sneyd 2009) 




Figure 1.8: Excitation spectra of the Ca2+-sensitive dye Fura-2 AM.  
Copied from: (Grynkiewicz, Poenie et al. 1985) 
Permission: not required for non-commercial use, including dissertation thesis. 
 
Figure 3.1: Visualization of fluorescent neurohypophysis (NH) and isolated SON 
neurones from the transgenic rats for AVP-enhanced green fluorescent protein 
(eGFP) fusion transgene (AVP-eGFP), oxytocin-monomeric red fluorescent protein 
1 (mRFP1) fusion transgene. 
Adapted from: (Dayanithi, Forostyak et al. 2012). 
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